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Ré&umé: La spectroscopie dans le moyen-
infrarouge est une méhode universelle pour
identifier les substances chimiques et
biologiques, car la plupart des moléeules ont
leurs ré&onances de vibration et de rotation dans
cette plage de longueurs d'onde. Les syst@mes
moyen infrarouge disponibles dans le commerce
reposent sur des é&juipements volumineux et
cotieux, tandis que de nombreux efforts sont
maintenant consacrés ala ré&luction de leur taille
et leur int&ration sur circuits int&gyrés.
L’utilisation de la technologie silicium pour la
rélisation de circuits photoniques dans le
moyen-infrarouge pré&ente de  nombreux
avantages: fabrication fiable, agrand volume, et
rélisation de circuits photoniques & hautes
performances, compacts, légers et a faible
consommation énergé&ique. Ces avantages sont
particuli&ement inté&essant pour les systémes de
déection spectroscopique moyen infrarouge, qui
besoin d'&@re portable et afaible co(. Parmi les
diffé&ents maté&iaux disponibles en photonique
silicium, les alliages silicium-germanium (SiGe)
aforte concentration en Ge sont particuliéement
inté&essants en raison de la grande fen&re de
transparence du Ge, pouvant atteindre 15 pm.

Dans ce contexte, l'objectif de cette thése est
d'éudier une nouvelle plate-forme SiGe aforte
concentration en Ge, pour la dénonstration de
circuits photoniques moyen infra rouge. Cette
nouvelle plate-forme devrait bénéficier d'une
large gamme de transparence en longueurs
d'onde de transparence et de la possibilité
d’ajuster les propriétés des guides optiques
(indice effectif, dispersion,...).

Au cours de cette thése, diffé&entes plates-formes
basées sur difféents profils graduels du guide
d’onde ont été étudiées. Tout d'abord, il a été
démontré qu’il était possible d’obtenir des guides
présentant de faibles pertes optiques infé&ieures
a3 dB/cm dans une large plage de longueurs
d'onde, de 5,5 &8,5 m. Une preuve de concept
de dé&ection de mol&ules, basée sur lI'absorption
de la partie évanescent du mode optique a ensuite
éédénontré. Ensuite, les composants formant
les briques de base classiques de la photonique
intégr& ont &€ éudié&. Les premiées cavités
intégrées ont &é réalisés a 8 pm. Deux
configurations ont &é& &udiées: des cavité
Fabry-Perot utilisant des miroirs de Bragg
intégrés dans les guides d’onde et des résonateurs
en anneau. Un spectromére atransformeée de
Fourier fonctionnant sur une large bande
spectrale, et pour les deux polarisations de la
lumiée a €éalement &é& dénontré Tous ces
résultats reposent sur la conception des
mat&iaux et des composants, la fabrication en
salle blanche et la caracté&isation exp&imentale.
Ce travail a &éeffectuédans le cadre du projet
europé&n INsPIRE en collaboration avec le Pr.
Giovanni Isella de Politecnico Di Milano.
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Abstract: Mid-infrared (mid-IR) spectroscopy
is a nearly universal way to identify chemical
and biological substances, as most of the
molecules have their vibrational and rotational
resonances in the mid-IR wavelength range.
Commercially available mid-IR systems are
based on bulky and expensive equipment, while
lots of efforts are now devoted to the reduction
of their size down to chip-scale dimensions. The
use of silicon photonics for the demonstration of
mid-IR photonic circuits will benefit from
reliable and high-volume fabrication to offer
high performance, low cost, compact,
lightweight and power consumption photonic
circuits, which is particularly interesting for
mid-IR spectroscopic sensing systems that need
to be portable and low cost. Among the different
materials available in silicon photonics,
Germanium (Ge) and Silicon-Germanium
(SiGe) alloys with a high Ge concentration are
particularly interesting because of the wide
transparency window of Ge up to 15 pm.

In this context, the objective of this thesis is to
investigate a new Ge-rich graded SiGe platform
for mid-IR photonic circuits. Such new
plateform was expected to benefit from a wide
transparency wavelength range and a high
versatility in terms of optical engineering
(effective index, dispersion, ...).

During this thesis, different waveguides
platforms based on different graded profiles
have been investigated. First it has been shown
that waveguides with low optical losses of less
than 3dB/cm can be obtained in a wide
wavelength range, from 5.5 to 8.5 pm. A proof
of concept of sensing based on the absorption of
the evanescent component of the optical mode
has then been demonstrated. Finally, elementary
building blocs have been investigated. The first
Bragg mirror-based Fabry Perot cavities and
racetrack resonators have been demonstrated
around 8 pm wavelength. A broadband dual-
polarization MIR integrated spatial heterodyne
Fourier-Transform spectrometer has also been
obtained. All these results rely on material and
device design, clean-room fabrication and
experimental characterization. This work was
done in the Framework of EU project INSPIRE
in collaboration with Pr. Giovanni Isella from
Politecnico Di Milano.
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R&umeéen Franqis

La spectroscopie dans le moyen-infrarouge (MIR) est une mé&hode universelle pour
identifier les substances chimiques et biologiques. Les syst@mes moyen infrarouge
disponibles dans le commerce reposent sur des €juipements volumineux et coCteux, tandis
que de nombreux efforts sont maintenant consacré& ala ré&luction de leur taille et leur
intégration sur circuits intégrés. L'utilisation de la technologie silicium pour la réalisation
de circuits photoniques dans le moyen-infrarouge préente de nombreux avantages :
fabrication fiable, & grand volume, et ré&lisation de circuits photoniques a hautes
performances, compacts, légers et afaible consommation énergéique. Ces avantages sont
particulieeement int&essant pour les systames de déection spectroscopique moyen
infrarouge, qui besoin d'&re portable et afaible cod.

La région spectrale du MIR est définie typiquement pour des longueurs d’onde allant
de 2 &20 pm (500 &5000 cm™ en nombre d’onde). Dans cette zone se situe la “fingerprint
région”, de 6.6 a 20um, ou se situent les résonances vibrationnelles et rotationnelles
fondamentales de la plupart des espeees chimiques, comme représentésur la figure 1. Ces
résonances creent des lignes d’absorption uniques, véritables signatures des différentes
modulécules. Un capteur basé sur la détection de ces lignes d’absorption présente ainsi une
trés grande sélectivité, par rapport a un capteur fonctionnant dans d’autres gamme de
d’onde,

complémentaire est typiquement requise.

longueurs ou une fonctionnalisation de surface ou une identification
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Fig.1. Ilustration des raies d’absorption dans le moyen infra-rouge des diffé&entes molésules, issu de
[http://www.daylightsolutions.com.]



Parmi les diffé&ents mat&iaux disponibles en photonique silicium, le Germanium (Ge)
et les alliages silicium-germanium (SiGe) aforte concentration en Ge sont particulieéement
inté&essants en raison de la grande fen&re de transparence du Ge, pouvant atteindre 15 pm.

Dans ce contexte, l'objectif de cette theése est d'@udier une nouvelle plate-forme SiGe a
forte concentration en Ge, pour la dé@monstration de circuits photoniques MIR. Cette
nouvelle plate-forme devrait bénéficier d'une large gamme de transparence en longueurs
d'onde de transparence et de la possibilité d’ajuster les propriétés des guides optiques
(indice effectif, dispersion,...). Au cours de cette these, différentes plates-formes basées sur
différents profils graduels du guide d’onde ont été éudiéss. Tout d'abord, il a @&démontré
qu’il était possible d’obtenir des guides présentant de faibles pertes optiques d'environ 2 dB
/ cm dans une large plage de longueurs d'onde, de 5,5 &8,5 m. Une preuve de concept de
déection de molé&ules, basé sur I'absorption de la partie éanescent du mode optique a
ensuite @éédémontré. Ensuite, les composants formant les briques de base classiques de la
photonique int&yré ont @éééudiés. Les premieges cavites integrées ont ééralisees a8 um.
Deux configurations ont &ééudiées : des cavitéFabry-Perot utilisant des miroirs de Bragg
intégrés dans les guides d’onde et des résonateurs en anneau. Un spectrometre a transformée
de Fourier fonctionnant sur une large bande spectrale, et pour les deux polarisations de la
lumige a &alement &é& démontré Tous ces résultats reposent sur la conception des
maté&iaux et des composants, la fabrication en salle blanche et la caracté&isation
exp&imentale. Ce travail a éé& effectuédans le cadre du projet europ€en INSPIRE en
collaboration avec le Pr. Giovanni Isella de Politecnico Di Milano.

La croissance des structures graduelles SiGe est rélisé par Low-Energy Plasma
Enhanced Chemical Vapor Deposition (LEPECVD) au laboratoire L-Ness /Politecnico Di
Milano. J’ai ensuite fabriqué I’ensemble des composants dans la salle blanche du laboratoire
(CTU/IEF Minerve), en collaboration avec Xavier Le Roux pour le déeloppement des
nouveaux proceélés de fabrication. Enfin j’ai caractérisé I’ensemble des échantillons sur le
banc de caracté&isation exp&imental déselopédans le groupe, en collaboration avec Joan-
Manel Ramirez alors post-doctorant au laboratoire. Les principaux résultats obtenus sont

ré&Sumes ci-dessous.



Guide d’onde graduels SiGe riches en Ge dans le MIR

Trois difféents plateformes graduelles SiGe ont &e é&udiees. La section transverse
des guide d'ondes et le profil de I'indice de réfraction de chaque plate-forme sont illustrés
sur la Fig.2. La plateforme A est composé d'une couche graduelles de 11 pm d'&aisseur
avec une augmentation lin&ire de la concentration en Ge de 0 &79%, suivie d'une couche
homogene, de composition constante, de Sig2Geos formant le ceeur du guide d’onde. Cette
conception provient d’études antérieures dans les longueurs d’onde du proche infra-rouge
et forme le point de déart de ces éudes. Les deux autres plateformes ont &&congies pour
augmenter le confinement optique en diminuant I’épaisseur totale et en augmentant le
gradient d’indice. La plateforme B est ainsi formée d’une couche graduelle de 6 pm
d'éaisseur dans laquelle la concentration en Ge augmente lin&irement de 0 (Si pur) a100%
(Ge pur). Enfin, une troisiéme plate-forme C est composée de deux couches graduelles d'une
aisseur totale de 4 pm. Une couche de 3 pm d'&aisseur est d'abord utilisée, avec une
concentration en Ge passant de 0 (Si pur) &50% (SiosGeos). Une seconde couche graduelle

de 1 um d’épaisseur avec une concentration en Ge allant de 50% a 100% (Ge pur) est placee

1@
Si, .Ge, (2) 36 Platform A

x=05->1

e
QD
. = 4.0 |
sll-xGex (1) —=.| 3.8 (e) -
x=0->0.5 EEcCE¥ Platform B
e~
4.0 (f)
gg 3_/ Platform C

| AR B R R R R R A RS B RE
X 101 2 3 4 7 8 910111213
| ¥ (um)

sur le dessus.

Fig.2. Vue en coupe des guides d’onde et profils d’indice correspondant le long de la direction
verticale.

Pour éudier les pertes de propagation des guides d'ondes, des guides d'ondes en spirale
de diffé&entes longueurs ont &éfabriqués. En utilisant la mé&hode du cutt-back, comme
illustrésur la figure 3, des pertes de propagation infé&ieures a3 dB / cm ont &é&obtenues

pour des guides d’onde des plates-formes A et B, pour une longueur d’onde allant de 5.5 a
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8.5 um, limité& seulement par notre systéne de caract&isation. Des pertes plus éevees sont
obtenues pour la plate-forme C.

Les guides en spirale fabriqués sur la plateforme A ont ensuite &ée utilisés pour la
premiée preuve de concept concernant la possibilitéde déecter la pré&ence de molé&ules,
par I’absorption de la partie évanescente du mode optique. Pour cela les pertes de
propagation des guides d’onde ont ét¢ mesurés a nouveau aprés dépot d’une couche de
résine sur les guides. Une forte augmentation des pertes est obtenue, pour les longueurs
d’onde correspondant a I’absorption de la résine (Figd4), ce qui démontre de maniée
exp&imentale la possibilité d’utiliser ces guides pour la détection de molécules. Une étude

déailleée des capacité& de déection est présenté& dans le chapitre 2.

— TE — T™
@ o, | (b) 57
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Wavelength (pum) Wavelength (um)

Fig.3. () Transmission en fonction de la longueur de guide en polarisation quasi-TE, &la longueur
d’onde de 7.5 pm; (b)-(d) Pertes de propagation mesurées exp&imentalement de 5.5 &8.5 pm sur les
diffé&entes plateformes.
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Fig.4. (a) Pertes de propagation des guides d’onde SiGe recouvert par la résine S1818, en polarisation
TE et TM ; (b) Coefficient d’absorption normalis€de la résine, compare aux pertes des guides d’onde
couverts par la réine. Un bon accord est obtenu concernant la position des pics d’absorption.

Guides d’onde périodiques

Apres les premieres preuves de concept concernant la possibilitéde guider la lumiee a
faibles pertes, j’ai étudié les guides d’onde périodiques pour 2 applications principales : la
r&lisation de coupleurs verticaux et de miroirs de Bragg intégrés. Ces travaux ont @émenés
sur la plateforme B, pré&entant de faibles pertes et un bon confinement optique.

Un ré&eau de couplage circuit intégré vers fibre optique a &é conal, pour les
polarisations TE et TM. Des efficacités de couplage de -12 dB en polarisation TE et -9.6 dB
en polarisation TM sont obtenues. La bande passante &-1 dB est de plus de 300 nm.

Ensuite des guides d’onde a réseau de Bragg ont été congu, fabriqué et caract&isés. Le
réseau est obtenu par corrugation de la surface du guide d’onde. Une bande interdite a été
démontrée a différentes longueurs d’onde allant de 5.4 a8.4 um, comme illustrésur la figure
5. Une rejection maximale atteignant 21.6 dB a @émesuree, pour un ré&seau de 280 p&iodes,

ala longueur d’onde de 6.4 pm.
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Fig.5. Spectre de transmission simulé (courbe bleue) et mesuré (courbe orange) des guides d’onde SiGe
aréeaux de Bragg . Les ré&eaux comprennent 250 péiodes, et les p&iodes sont de 0.74, 0.88, 1.02,
1.10, 1.16 pm, correspondant &une bande interdite &5.4, 6.4, 7.3, 7.95 and 8.35 pm, respectivement.

Ré&onateurs MIR int&gré&

A partir de la démonstration des ré&seaux de Bragg int€gré en guide d’onde, des cavités
Fabry-Perot (FP) utilisant ces ré&seaux de Bragg comme miroirs réfléhissants ont &é
congiles, fabriquees et caracté&isées. Un fonctionnement a une longueur d’onde de 8 um
environ éait visé Les ré&onances des cavité&s Fabry Perot sont clairement visibles sur la
figure 6 (a), au centre de la bande interdite des miroirs. Des facteurs de qualitéde 1514 et
1272 ont pu @re estimés sur les mesures exp&imentales.

La transmission d’une cavité utilisant des miroirs de Bragg a 500 périodes est reportée
sur la Fig.6 (b). Le facteur de qualitéatteint alors 2200 ala longueur d’onde de 7,95 pm.
Les performances des cavité FP et de leurs facteurs de qualitésont traitées en déail dans
le manuscrit. Il est possible que les facteur de qualitémesurés soient limités par le banc de
caracté&isation exp&imental.

13
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Fig.6. (a) Spectres de transmission exp&imentaux pour des cavité& Fabry-Perot de longueur de cavité
70 pm. Les miroirs de Bragg comprennent 280 p&iodes, la p&iode éant de A = 1.1 pm agauche
(ré&sonance a7.95pm) et A =1.16 pum adroite (ré&sonance &8.34 |m). (b) Spectre de transmission

exp&imental pour une cavitéde longueur 70 pm, les miroirs de Bragg comprennent 500 p€&iodes, la

pé&iode éant A = 1.1 pm.

Outre les cavités FP, nous avons démontré la possibilité d’intégrer des ré&onateurs de
type «ractrack »fonctionnant ala longueur d'onde de 8 m. On peut observer sur la figure
7 que les ré&sonateurs ayant un rayon de courbure sup&ieur &50 m fonctionnement sur une
large bande spectrale de 900 nm. Un facteur de qualitémaximum de 3600 est obtenu &8 m

de longueur d’onde, avec un €art entre résonance (FSR) d’environ 8 nm.

Ces premiées dénonstrations de structures ré&onantes MIR intégrees utilisant les
guides d’onde SiGe graduels ouvrent la voie au développement futur de circuits photoniques
intgré MIR, tels que des sources lumineuses utilisant des effets non lin&ires, asavoir la
géné&ation de peignes de fr&uence. En ce qui concerne I'amdioration de l'interaction
lumiere-matiere, les structures résonantes MIR préentent également un fort potentiel pour

le déreloppement de systémes de déection spectroscopiques ultra-compacts.

14



B (cm™)
(a) 1280 1264 1248 1232 1216 1200 1184 1168

| P S _
12 ~—R =250 pm

0
-4 ;"W“WWW“V\l'VVVVVVVWWvWwvVvWvVVVWW“n’vVVWWWWWVWWWWWWWV
-8
-12 ——R =200 pm
0
e ER A
-12 —— R =150 um
4 WVV\MMN\AMI\IWW\[WWWV\IWW\AN\AMWW
-4
-8
-12 —— R =100 pm
0
4 WVWWNWWWN\N
12 R =50 um

3 84 85

Transmittance (dB)
S

(b) 7.8 79 80 81 82 8.

- A (pm)

=]

2 01 g = mEEg
(5] 2. .

E 4] FWHM

£ 6] Q = 3200 R =250pum

g 3

=

£ -10 : : :
= 8.040 8.045 8.050

A (um)
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Spectrométre atransformée de Fourier integré
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La réalisation d’un spectrométre intéré est un éément clef pour la déection

spectroscopique. Le premier spectroméire intégré MIR fonctionnant & haute longueur
16



d’onde a été réalisé pendant la these. Il s’agit d’un spectrométre hétérodyne atransformee
de Fourier utilisant la plateforme SiGe a gradient d’indice, dont la conception, fabrication
et caract&isation exp&imentale est discutédans le chapitre 5. Des exemples de spectres de
signaux retrouvés expérimentalement, a I’issue du traitement des données obtenues en sortie
du spectrométres sont reportés sur la figure 8. De maniee inté&essante, le spectroméire
fonctionne en polarisation TE et TM, sur une large bande spectrale de 800 cm™ (c’est-adire
pour des longueurs d’onde allant de 5 a 8.5 um). Le FSR du spectrométre est de 132,5 cm’

! et sa ré&olution spectrale est infé&ieure &15 cm™ pour les deux polarisations.

Conclusion

L'objectif & long terme de ces travaux concerne la démonstration d'un systeme
spectroscopique sur circuit intégréphotonique, fonctionnant dans la plage de longueurs
d'onde du MIR et couvrant la réion du «fingerprint >» Des réultats marquants ont obtenus :
guides d’onde a faibles pertes dans une grande gamme de longueur d’onde, preuve de
concept de déection de molé&ules, premiées dénonstrations de ré&onateurs int&yrés
fonctionnant a 8 um de longueur d’onde et de spectrometres intégrés fonctionnant dans une
large bande spectrale de 5 a 8.5 um. L’ensemble de ces résultats démontre le potentiel des
structures a guides d’onde SiGe a gradient d’indice pour la réalisation de circuits
photoniques intégré&s MIR, et ouvre la voie ala ré&lisation de circuits complexes pour la

réilisation de fonctions optiques.
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1. Introduction

Since the first demonstration of silicon waveguides using the silicon-on-insulator
platform in the mid 1980’s by Soref et al. [1,2], silicon photonic circuits have exhibited a
truly remarkable development. Significant progress on silicon integration has been done for
the last decades. Several important components containing the waveguides, modulators,
switches, and detectors have been studied and impressively developed. Especially after the
first investigation of silicon-based plasma dispersion modulation [3], a great number of
demonstrations on silicon photonics have been done for applications in telecommunications
and data centers. In the stream of the research for data communication and initially strongly
inspired by the success of fiber sensors, silicon photonic circuits have also been proposed
as a compelling solution to address several technical challenges in current chemical and
biological sensing systems for the applications of medical diagnosis, metrology, and remote
sensing. The on-chip integrated optical sensor is among the hot research topics in the optical

society.

1.1. Integrated optical sensors

An optical sensor is a device that uses light to measure a physical quantity. A chemical
or biological optical sensor allows to detect and quantify the presence of targeted molecules,
by measuring light transmission, and translating it into a readable form, such as an electrical
signal. It is a powerful tool, which can be used to measure a very large number of
components, providing analyte information remotely. The research and development in
optical sensor field is motivated by its significant advantages comparing to other sensors,
such as a greater sensitivity, a wider bandwidth, an immunity to electromagnetic
interference and multiplexing capabilities. Moreover, for the applications of chemical and
biological sensing, optical sensors benefit also from the multi-analyte detection [4].
Furthermore, another important advantage of optical sensors is the selectivity. Selectivity
can be understood as one-to-one correspondence of the optical response to a nature of the

presented analyte.
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In the research and development of optical sensors, miniaturization of optical sensors
by integration is particularly interesting. Integrated optical (10) system benefit from
compactness, cost-effective, mechanical rigidity and multifunctionality. Thanks to the
integrated waveguides, the optical path for an integrated optical sensor is well defined
without necessity of positions (re-)adjustment of the bulky components that free space
optics is notorious for. In comparison with fiber optics, on chip integration (many systems
can be integrated simultaneously on one substrate), shows a great flexibility in material
choice (see section 1.3) and structures which make possible for the development of multi-
purpose and mobile in-situ analysis system. The real-time and in-situ aspects of 10 sensors
are particularly interesting, due to the complexity and time-consuming in the analysis
progress in conventional sensing systems, in which the transport of samples to a laboratory
is necessary for the analysis using an expensive bulky equipment.

The operation mechanism of 10 sensors is related to changes of optical properties when
the measurand is present. The most relevant optical properties are the refractive index, the
absorption coefficient (the sensing mechanism used in this work), or the luminescence of
the material. The change of refractive index is represented through a change of two
parameters: the real part of effective index and the mode profile of the guided mode [5-7].
The change of absorption coefficient (sensing principle performed in this work) corresponds
to the imaginary part of effective index, it affects thus the modal attenuation, in other words
the detected transmission [8-12]. In terms of the luminescence sensing (fluorescence
sensing), some materials may show luminescent property by emitting photons at different

frequency while absorbing the incident light, allowing their detection [13-17].

1.2. Mid-infrared Silicon photonics

The research towards 10 sensors using silicon photonics technology is becoming
increasingly attractive. Silicon photonics, known more accurately as group IV photonics,
describes integrated optic and optoelectronic devices realized using silicon (Si), germanium
(Ge) or other group IV materials. Since the first demonstration of silicon waveguide in the
mid 1980’s [2,18], silicon photonic circuits have been strongly studied motivated primary

because of the potential attraction of integration with microelectronics in a cost-effective
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manner. As a result, a continuously increasing number of research works, containing a
diversity of integrated optical components for light generation, modulation, manipulation,
detection and amplification, have been reported, especially for the application of
telecommunication operating at near infrared (NIR) wavelengths. A large number of silicon-
based refractive index sensing circuits with high performance have been also demonstrated
in the near infrared wavelength range in the last decade [5,19-22]. However, the lack of

selectivity to identify the exact analyte in the refractive index sensing limits its applications.
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Fig.1.2.1. Example mid infrared molecular absorption wavelengths from [23].

Interestingly silicon photonics device can extend in the mid-infrared (MIR) range,
which is particularly interesting for sensing applications [24]. The mid infrared is typically
defined as wavelengths from 2 to 20 pm (5000 to 500 cm™ in wavenumbers). Among it is
the so called “molecular fingerprint” region from 6.6 to 20 m where almost all chemical
bonds present fundamental vibrational and rotational signatures as shown in Fig.1.2.1. The
presence of this signature give rise to unique absorption lines for each molecule in the MIR
fingerprint region. Although overtones of molecular vibrational signature extend into the
NIR wavelengths (A < 2 pm) which can also be detected, the absorption coefficient in the
MIR are orders of magnitude higher than in the NIR, so by shifting the operational
wavelength into MIR the detection sensitivity can be enhanced by several orders. Moreover,
since each molecule presents unique absorption lines, none complementary identification
process is needed for MIR absorption sensing. On another hand, it can be added that the
development of photonic integrated devices in the two atmospheric transparency windows
(A=3-5um and A=8-12 jum)

telecommunication.

is also significant for applications of free-space
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In this context, a growing number of research works are now devoted to mid-infrared
silicon photonics. Many outstanding works on novel MIR silicon photonics passive and
active devices have been reported and are summarized in recent review papers [25-31].
Furthermore it can be noted that some research works are also now focused on the
integration of MIR QCL on Si-based platform [32]. More details on state of the art of MIR

integrated photonics are discussed in the next section.

1.3. State of the art

In order to develop MIR photonics, it is essentially to find a waveguide platform that
allows light propagation with low loss in the MIR wavelength range. The most prevalent
platform in the field of silicon photonics in the near-IR is the silicon-on-insulator (SOI)

platform which provides a high index contrast between the guiding core (ng; =3.5) and the

buried oxide (ny, =1.5) leading to high optical confinement. Interestingly, silicon is

Sio,
transparent up to 8 pm wavelength [24], however, the strong absorption of SiO2 at the
wavelengths beyond 3.6 pm could limit the use of classical SOl waveguides at longer
wavelengths.

SOI waveguides have thus been demonstrated with propagation loss as low as 0.6-
0.7 dB/cm at A = 3.39 um [33]. Fig.1.3.1(a,b) shows the demonstration of high efficiency
grating couplers around 2 pm [34]. An on-chip Fourier-Transform (FT) spectrometer with
cascaded 42 Mach-Zehnder interferometers (MZI) has been demonstrated at a wavelength
around 3.75 pm [35] as shown in Fig.1.3.1(c).

Different approaches have then been reported to extend the operation of SOI platform
to larger wavelength, such as a proper waveguide design to limit the mode overlap with the
SiO2 under cladding [36] (Fig.1.3.1(d)), or the use of suspended Si waveguides by under-
etching the buried oxide with a subwavelength technology [37], as shown in Fig.1.3.1(e,f).
Propagation losses of 3.1 dB/cm has achieved at a wavelength of 7.67 pm using this

suspended Si approach.
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Fig.1.3.1. (a) and (b) Top view and cross section of scanning electronic microscope (SEM) images of
fabricated grating coupler, from Ref. [34]; (c) Optical micrograph of Fourier Transform infrared (FTIR)
spectrometer with 42 cascaded MZIs from Ref. [35]; (d) Simulated absorption losses for different
waveguide cross-sectional geometries, from Ref. [36]; (e) and (f) Schematic representation and SEM
images of suspended Si waveguide with subwavelength grating cladding from Ref. [37].

Besides of silicon and silicon dioxide, the transparency windows of different materials
are reported and compared on Fig.1.3.2 (Silicon Nitride (SizN,), sapphire (Al203),
germanium (Ge), gallium arsenide (GaAs), Chalcogenide glasses (ChG) [24,28,38]).

I11-V materials, like GaAs show a wide transparency window from 1.6 up to 16 pm. In
the meantime, they benefit from a natural integration with QCL laser sources, making them
a good material for the development of mid infrared silicon photonic devices. On-chip GaAs
MZI for chemical sensing operating between 5.78 and 6.35 um have thus been demonstrated
[39] (Fig.1.3.3(a)).

Chalcogenide glasses are also remarkable due to the large transparency in the MIR
range. Recent achievements include MIR resonators with a quality factor of 10° at 5.2 pm
[40] (Fig.1.3.3(b)) and the supercontinuum generation from 2-10 m in a chalcogenide rib

waveguide [41] (Fig.1.3.3(c)).
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Fig.1.3.3. (@) SEM image of GaAs MZIs and Y-junction [39]; (b) Optical microscope top-view image
of a MIR ChG resonator [40]; (c) SEM image of ChG waveguide and spectra of supercontinuum

generated from the waveguide at different pump peak power levels [41].
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Alternatively, different silicon-based platforms including silicon nitride and silicon-on-
sapphire (SOS) also show good performance in the mid infrared operation. Low-loss
waveguide [42] (Fig.1.3.4(a)), high efficiency strip-to-slot waveguide mode converter [43]
(Fig.1.3.4(b)), supercontinuum generation within T-shaped waveguide [44] (Fig.1.3.4(c))
and high quality-factor ring resonators [45] (Fig.1.3.4(d)) have been demonstrated on the
SOS platform at different wavelengths in the MIR range between 1.55 pm and 6 pm.
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Fig.1.3.4. (a) Propagation loss of SOS strip waveguide at A = 5.18 jum with imaged mode profile [42];
(b) SEM image of SOS strip-to-slot waveguide converter [43]; (c) Schematic view of T shape
waveguide and the pulse evolution in the spectral domain [44]; (d) Optical image of SOS (top inset)
grating coupler and (bottom inset) ring resonator [45].

In parallel, low-loss silicon-on-silicon-nitride (SON) strip waveguides have been
investigated at 3.4 pm [46] (Fig.1.3.5(a)). Moreover, active devices have also been

developed in silicon nitride platforms based on the integration of quantum cascaded laser
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[47,48] (Fig.1.3.5(b,c)) or on non-linear effect to achieve frequency comb generation [49]
(Fig.1.3.5(d)).
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Fig.1.3.5. (@) SEM image of SON strip waveguide [46]; (b) SEM image of polished end-facet of
integrated QCL [47]; (c) Normalized emission spectra of DFBs integrated on silicon [48]; (d)
Schematic cross section of silicon nitride resonator, and experimentally generated frequency comb [49].

However, until now most of the reported works are in a limited wavelength range below
8 pm, while long-wave MIR operation devices covering the wide fingerprint region are
highly desirable. Unfortunately, multi-phonon absorption occurs in silicon for wavelengths
beyond 8 pm. Therefore, it is extremely challenging to develop long-wave infrared (LWIR)
devices with silicon.

Interestingly Germanium is an alternative material which shows transparency up to
about 15 pm. Not only the wide transparency window, but also the high 3™ order
nonlinearity [50] make Ge a good material for the demonstration of LWIR silicon photonic
devices. Furthermore, Ge is already largely used in silicon photonics and is fully compatible
with mature large volume Si photonics fabrication process.

In the last years, Ge-based photonic integrated circuits dedicated LWIR operation have
witnessed a burst of research activities. Losses of 2.5 dB/cm have been obtained using Ge-
on-Si strip waveguide at 5.8 pm wavelength [51] (Fig.1.3.6(a)). Benefiting from the
thermal/electrical isolation of silicon dioxide, thermo optics phase shifters and thermally

tunable racetrack resonators have been investigated at 5 pm on Ge-on-SOI (GOSOI)
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platform [52,53] (Fig.1.3.6(b,c)). Then, taking advantage of high index contrast between Ge
and SiO,, Ge-on-insulator (GOI) has also been proposed as a good material to develop
LWIR photonic integrated devices. Nanocavity [54] (Fig.1.3.6(d)) and ring resonator [55]
(Fig.1.3.6(e)) with quality-factor as high as 10° at 2.5 pm wavelength have been

demonstrated on GOl membraned waveguides.
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Fig.1.3.6. SEM images of (a) GOS strip waveguide [51]; (b) GOSOI thermal optics phase shifter [52];
(c) Vernier racetrack resonators [53]; (d) GOS nanocavity [54]; (e) GOS ring resonator [55].

In parallel with pure Ge-based waveguides, the use of SiGe alloys benefits from a low
threshold dislocation density (TDD), especially when graded SiGe layers are used.
Furthermore, the use of SiGe alloys allow a high versatility for engineering waveguide
properties such as effective index and dispersion. Low-loss waveguides have been
demonstrated, with 0.5 dB/cm propagation loss at 4.75 pm based on SigsGeo.s waveguides
[56] (Fig.1.3.7(a)). Graded-index SiGe waveguides has been firstly developed in 2014 [57].
The electromagnetic field is guided in the graded layer with Ge concentration from 0 to 40%,
and propagation losses as low as 1 dB/cm at A = 4.5 pm and 2 dB/cm at 7.4 m have been
obtained (Fig.1.3.7(b)). Based on this waveguide, arrayed waveguide gratings (AWG)
operating at 4.5 m and 7.6 jum have been investigated [58,59].



Another approach has also been proposed for MIR integrated photonics. Instead of
implementing high Si concentration in the alloy, Ge-rich Si1xGex alloys and graded Si1.xGex
layers are expected to benefit from a wider transparency window, which could potentially

extend up to 15 pm as the refractive index gradient pushes the optical mode far from the Si

substrate (Fig.1.3.7(c)) [60].
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Fig.1.3.7. SEM images of (a) Sio.sGeo.s waveguide [56] (b) graded SiGe waveguide [57]; (¢c) Schematic
view of the cross-section of slightly etched SiGe waveguide [60]; (d) Schematic of a stand-alone
Ge/SiGe MQWp-i—n diode [61].

It can be noted that these waveguides have been proposed and developed first in the
near infrared range, to integrate Ge/SiGe Quantum well structures for light modulation using
guantum-confinement stark effect and for photodetection [61-63] (Fig.1.3.7(d)). The
extension of these waveguides to the MIR is the starting point of the ERC project INSPIRE
(2015-2020, Univ. Paris Sud, Politecnico Di Milano) in which | have been fully involved
during these 3 years. Comparing to all pre-mentioned MIR platforms, the development of

MIR photonic integrated devices using Ge-rich graded-index SiGe platform benefits from
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i) a wide transparency window of material, potentially up to 15 pm; ii) a suspension-free
technology; iii) a high versatility of optical engineering; iv) a high 3™ order nonlinearity
which is advantageous to demonstrate nonlinear active devices; v) a high crystalline quality
with low TDD thanks to the graded layer; vi) as working in MIR, two photon absorption
(TPA) is negligible which is notorious for NIR nonlinear effect. Many potential applications
are foreseen, such as chemical and biological sensing, but also free-space
telecommunication, satellite instrumentation or medical diagnosis to name a few. The work
performed during this PhD thesis is focused on the development of MIR photonic integrated
devices using Ge-rich graded-index SiGe platform for the applications in chemical and

biological sensing.

1.4. Outline of Thesis

In a long-term vision, the final objective of these works is aimed to develop a
monolithically MIR on-chip integrated optical sensor to realize label-free in-situ sensing.
As an example, a schematic representation is shown in Fig.1.4.1. The sensor contains a
broadband light source, a sensing circuit, an on-chip spectrometer and light detectors. The
broadband light source, covering a wide part of the fingerprint region, can exploit non-linear
optical effects to achieve supercontinuum generation. The source could be pumped by an
external quantum cascade laser, or an on-chip implemented laser. Light propagates then into
a sensing circuit where evanescent field absorption occurs. It could be a long waveguide or
MIR on-chip resonators. Then an on-chip spectrometer is used to separate the different
wavelengths, and finally, light is sent into integrated photodetectors. In this thesis, we will
focus on how to realize the MIR photonic integrated devices for chemical sensing using the

Ge-rich graded-index Si1xGex platform.
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Fig.1.4.1. Schematic representation of the long-term monolithically integrated MIR sensor (Figure from
C. Alonso Ramos).

To accomplish this task, the fundamental building blocks to guide light must be
developed firstly. Then devices such as gratings, interferometers or resonators can be
envisioned based on these waveguides. This thesis contains the discussion of different
building blocks for the MIR photonic integrated circuits (PICs), such as broadband MIR
waveguides, gratings, resonators and spectrometer. As mentioned in previous sections, mid
infrared PICs using Ge-rich graded-index SiixGex platform show many advantages and
potential for many applications. However, several challenges must be overcome:

» Development of low-loss broadband MIR waveguides. Conventional design of
waveguides with dimensions in hundreds of nm, for example NIR waveguides are
no longer available in this wavelength range. In order to guide long-wave, new
waveguide design with larger guiding core is necessary. A specific attention must be
paid on the achievable wavelength range, to target multi-detection systems. Since
the waveguide dimensions are larger, efforts must to be done for the lithography and
etching process in order to achieve deep-etched waveguides while maintaining a

smooth sidewall.
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> Development of resonant structures. In order to enhance the light-matter interaction,
MIR resonators are highly desirable. As working on the graded-index platform, low
vertical index contrast makes the demonstration of MIR resonators challenging.
Careful design is necessary for gratings and directional couplers in the case of Bragg
grating Fabry-Perot cavities and ring resonators, respectively. For ring resonators,
the minimal bend radius and the related tradeoff in terms of free spectral range are
important parameters to be evaluated.

» Characterization methods. Specific characterization set-ups must be developed. For
example, optical fibers are much less mature in MIR wavelength in comparison with
near-IR wavelength. However, using free-space configurations light coupling

into/out from the sample chip becomes more challenging.

1.5. Scientific achievement of thesis

Considering all those challenges, the manuscript presents the work that has been done

during this PhD thesis. It contains 4 main chapters whose contents are detailed below:

» Chapter 2 presents the demonstration of low loss broadband waveguides in the mid
infrared up to wavelengths beyond silicon absorption (>8 pm). Different waveguide
designs have been proposed based on three different SiixGex platforms (section 2.1).
Fabrication process mainly related to lithography and waveguide etching (section
2.2) have been optimized. Fabricated samples were characterized using a free-space
configuration set-up (section 2.3.1). Propagation losses for different waveguide
platform have been measured from 5.5 to 8.5 pm (section 2.3.2). Then, a proof of
concert about the sensing capability of the SiGe waveguide by evanescent field have
been evaluated.

» Chapter 3 discusses periodic waveguides such as grating couplers (section 3.1) for
light coupling in the photonic circuit, and for waveguide Bragg gratings (section 3.2).
Two designs of grating couplers have been proposed for TE and TM polarizations,
and simulation results are presented. Then, waveguide Bragg gratings have been

designed (section 3.2.1), fabricated (section 3.2.2) and characterized (section 3.2.3).
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» Chapter 4 introduces the first demonstrations of MIR resonant structures on graded-
index Si1xGex waveguides in terms of simulation, fabrication and experiment. Two
approaches, Fabry-Perot cavities using waveguide Bragg gratings (section 4.1) and
racetrack resonators (section 4.2), have been demonstrated at LWIR wavelengths.

> Chapter 5 presents the first demonstration of on-chip integrated broadband dual-
polarization Spatial Heterodyne Fourier-Transform Spectrometer (SHFTS) based on
Ge-rich graded-index SiixGex waveguides. Design and device performances are
firstly discussed by means of modal analysis (section 5.2.1). Then, fabricated device
has been characterized to evaluate its resolution and free spectral range
(section 5.2.3).
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2.Broadband MIR waveguides based on Ge-rich
graded SiGe waveguides, and MIR sensing by

evanescent Field absorption

As a main objective of demonstrating on-chip integrated optical sensor which covers a
wide wavelength range in the MIR fingerprint region. The most fundamental work is to
demonstrate a broadband MIR operational platform which is the waveguide. In this chapter,
the optical properties of Ge-rich graded-index SiixGex waveguides will be discussed.
Waveguide designs are proposed using 3 different Si1.xGex materials. Then, the waveguide
fabrication and systematic characterization with a free-space configuration are described.
Finally, as a proof of concept, the sensing capability of such Sii1.xGex waveguide based on

evanescent field absorption is demonstrated.

2.1. Design of MIR waveguides

As already discussed in section 1.3, researchers over the world are now studying the
possibility of many different materials to extend the operation of silicon photonics in the
MIR. Among them, Ge-rich graded-index Si1.xGex is a promising candidate to develop the
MIR photonic circuits. As a first objective, we want to compare different waveguide

platforms to evaluate light propagation properties in the MIR.

Waveguide optical property

In order to extend the operation in the MIR, we start using the Ge-rich graded-index
Si1xGex waveguides that have already been demonstrated in the NIR [60] and in the MIR
at 4.6 pm [64]. We thus use an epitaxial layer composed by a 11-pm-thick graded buffer
layer with a linear increase of Ge concentration from 0 to 79%, followed by a 2-pm-thick
constant composition of Sio2Geog as guiding core on top. Such configuration provides a
linear increase of the refractive index in the graded buffer, allowing light confinement in the
top Sio2Geog waveguide core, with a tiny refractive index step at the interface between

graded layer and guiding core (see Fig.2.1.1). This first platform, also called platform A in
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the following, was previously optimized for operation at telecommunication wavelength

where pure Ge has high absorption, which explain that the maximal Ge concentration in the
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Fig.2.1.1. Waveguide cross-section with their corresponding refractive index profiles along the vertical
direction for platform A (a,d), platform B (b,e) and platform C (c,f).
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Fig.2.1.2. Effective index evolution as a function of etch depth for different modes guided in a 4-pm-
width waveguide at 7.5 jum based on platform A.

Mode calculations have been done to evaluate mode confinement properties at 7.5 pm
wavelength. A finite difference eigenmode (FDE) method using a commercial software

Mode solution is used [65]. As can be observed in Fig.2.1.2, for ED = 1.5pm, the guided
35



mode expands a lot in the buffer layer and mode confinement is poor. Interestingly the
confinement increases when ED increases, and an etching depth ED =4 pm is chosen, in

order to benefit from strong light confinement.

Wavelength N \ﬁ

Fig.2.1.3. Effective index evolution as a function of wavelength for different modes guided in a 4-pm-
width waveguide based on platform A.

Fig.2.1.3 presents the simulation results of the effective index evolution as a function
of the wavelength for different modes guided in a 4-pm-wide waveguide. As presented, the
variation of the mode effective index and of the mode profiles are very small while varying
the operation wavelength (the effective index variation of the fundamental mode is below
0.2 between 5 and 10 pm wavelength). This is a clear evidence that the structure will
provides low dispersion resulting in wide bandwidth operation. The waveguide design thus
shows theoretically broadband operation with a cut-off wavelength at 11 jum for TE mode
and at 12.5 pm for TM mode. Moreover, waveguide based on platform A with 4-pm-width

and 4-pm-etch depth is single mode while operating at a wavelength larger than 7 pm for
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transverse electric (TE) polarization and larger than 7.5 pm for transverse magnetic (TM)
polarization. Interestingly we will see in the following that the multimode behavior at
wavelength below 7 pm is not prejudicial, as the higher order modes composed of two
vertically separated lobes are poorly excited. Then the impact of the waveguide width on
the effective index has also been calculated. As shown in Fig2.1.4 the effective index of the
guided modes increases when the waveguide width increases, and higher order modes

appear when the waveguide width is increased.
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Fig.2.1.4. Evolution of effective index at 7.5 um wavelength as a function of waveguide width for
different guided modes in a waveguide based on platform A.

To go further, an increase of the index contrast to obtain higher light confinement, for
example to decrease waveguide bending radius, is highly desirable. Thus two other graded
Si1xGex platforms are proposed, aiming at decreasing the waveguide thickness, and
increasing the slope of the refractive index gradient (see Fig.2.1.1). In this case, a
compromise in the optimal thickness is expected. Indeed the thickness of the graded layer
cannot be too thin, otherwise the waveguide propagation loss could increase due to in one

hand the overlap of the guided mode with bottom Si substrate, and in the other hand possible
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high TDD occurred during the material growth. Finally, as these new designs specifically
target operation in the MIR, gradient up to pure Ge can now be used which is favorable for
high refractive index and large transparency spectral range.

Therefore, the second platform (platform B) uses a 6-pm-thick graded layer where Ge
concentration is linearly increased from 0 (pure Si) to 100% (pure Ge) without any constant
composition layer (see Fig.2.1.1) In this case, the electromagnetic mode propagates directly
in the graded layer. The vertical refractive index profile varies from 3.5 (nsi) to 4.1 (nge)
within 6 pm, it thus yields higher vertical confinement due to a steeper index profile
comparing to the platform A. Then, on purpose of further improving the light confinement,
profiting the high nonlinearity of Ge and verifying how compact the graded-index Sii1-xGex
platform can achieve, a third platform (platform C) with an even more compact stack is
designed. In order to confine light as far as possible from the Si substrate in the Ge-rich part,
instead of one single graded layer as platform B, two graded layers for a total thickness of
4 pm is designed. In this case, a 3-pm-thick layer is grown with an increasing Ge
concentration in the growth direction from 0 (pure Si) to 50% (SiosGeos), then followed by

a second 1-pm thick graded layer with Ge concentration starting from 50% up to 100%
(pure Ge) (see Fig.2.1.1).

(a) 3.80 1 T (b) 3.65
3.75-_ 3.60—. . = TE1
370 |EE = TM1
' 355w - TE2
w 3.65 r = "
= T 1 - e
£ 3608 = 350 —
L ] " ™
g & "am
2 3557 & 3454 Sy
3.50 1 = "
1 3.40 . Platform C
3.454
3.40 ] ‘ : ; : ! I 335 T T T T T T T
5 6 7 8 9 10 50 55 60 65 70 75 80 85
Wavelength (um) Wavelength (um)

Fig.2.1.5. Effective index evolution of guided modes as a function of wavelength in a 4-pm-width
waveguide for (a) platform B and (b) platform C.

Mode calculations for platform B and C are reported in Fig2.1.5 where the effective
index is reported as a function of wavelength. As can be observed, both platforms provide

low dispersion which allows broadband operation. The single mode condition is obtained
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for a wavelength larger than 7.5 pm (platform B) and 5.5 pm (platform C). Moreover,
waveguide based on platform C shows a cut-off wavelength at 8.5 pm where the effective
index of guided mode is almost equal to the Si substrate.

Furthermore, since the silicon shows high absorption at large wavelength after 8 jum as
shown in Fig.1.3.2, the overlap factor between the fundamental guided mode and the Si
substrate has been calculated in order to predict in one way the waveguide propagation loss
due to the material absorption at large wavelength. For the waveguide based on platform A,
the overlap factor of the guided mode with the Si substrate is less than 107" over the whole
simulated wavelength range from 5.2 to 8.5 pm. The simulation results for platform B and
C are shown in Fig.2.1.6. Using platform B, for wavelength below 7.5 pm, the overlap
between the guided mode and the Si substrate is less than 0.02%. However, it increases a
lot for the waveguides based on the platform C. This calculation indicates that waveguides
based on platform C can suffer from higher propagation loss due to the substrate absorption
at large wavelength.

After the theoretical study of waveguides based on different platforms, to illustrate
experimentally the waveguide properties, | designed an optical mask including spiral
waveguides with different waveguide widths (Wwe = 4, 5, 6 pm) and lengths (L = 0.6, 4.2,
6.1, 8.3, 10.4 cm). Thus, it is possible to measure precisely the propagation losses using a
non-destructive cut-back method. The main difficulty of fabricating designed MIR Si1-xGex
waveguides is to properly etch 4 pm deep the waveguide with a smooth sidewall, otherwise
the waveguide propagation would be high. Identical waveguides have been fabricated using
the same fabrication process based on the 3 different platforms A, B and C to compare their

performance. Details about waveguide fabrication are discussed in the next section.
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Fig.2.1.6. (a) Simulated overlap factor of the guided mode with silicon substrate; Simulated optical
mode confinement at 7.5 pm in platform C for (b) TE and (c) TM polarizations.

2.2. Waveguides fabrication

In this section, the fabrication process mainly in terms of optical lithography and
inductively coupled plasma (ICP) etching is presented. The graded SiixGex wafers are
epitaxially grown using low-energy plasma enhanced chemical vapor deposition
(LEPECVD) by our collaborators in the Laboratory for Nanostructure Epitaxy and
Spintronics on Silicon (L-NESS) in Italy in the group of Pr. Giovanni Isella. As an example
of platform A, the Ge concentration is increased linearly from 0 to 0.79 along the growth
direction over 11-um-thick with a growth rate of 5-10 nm/s. Then a 2-um-thick Sio2Geos
guiding core layer is grown on top. With such an approach, the lattice parameter is gradually
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accommodated, thus leading to the typical threading dislocation density (TDD) of 3 x10°
cm 2 and 3.5 nm rms roughness [66].

Comparing to the previous work in Sii.xGex [64], instead of 1.5 pm etch depth, new
waveguide design requires 4 pm etching depth which is challenging for fabrication. A
vertical profile of photoresist is the key point to properly etch 4 um deep the waveguides. It
can be done by well-controlled lithography and development. The fabrication flow is
presented in Fig.2.2.1.

Once we received the optical mask and Si1.xGex wafers, spiral waveguides have been
fabricated on three platforms A, B and C. The Si1.xGex wafers are firstly cleaned 10 mins
with acetone and then with isopropanol using an ultrasound cleaning machine, to strictly
clean the sample surface. Then, a positive photoresist UVIII is deposited upon the sample
surface. The UVIII is spin coated on the sample surface with a speed of 1000 rpm, followed
by 3 mins annealing at 130<C. A photoresist layer of about 1.2-pm-thick is obtained. The
waveguide patterns are defined by optical lithography using manual mask aligner MJB4.

After the illumination of photoresist, a second annealing at 140<C is performed to
amplify the dose applied into the photoresist before development with MF-CD-26 developer.
Once the development has been done, the SiGe samples are etched by ICP etching (ICP-
SPTS), then followed by a chemical wet etch with H2O2 to smooth sidewall roughness
produced during the ICP process. The used ICP etching, which is anisotropic, is performed
by a combination of two different gas: CsFs and SFe where SFg is used to etch the Sii-xGex
material, and C4Fg is to passivate the etch flanks. The anisotropy of the etching is reinforced
by the formation of polymer on the flanks. The etching speed is controlled by the ratio
between two gas.

Finally, the waveguide facets are defined by mechanic dicing performed inside the
access waveguide using a diamond blade with a fine grain. This optimized dicing process
gives us a reproducible waveguide facet with similar coupling condition. At the end, the
photoresist is removed by acetone and isopropanol. Representative optical microscope

images are shown in Fig 2.2.2.
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Fig.2.2.1. (a) sample surface cleaning; (b) deposition of photoresist; (c) optical lithography;
(d) development; (e) waveguide etching; (f) remove of residual of photoresist.
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Fig.2.2.2. (a) Optical microscopic top view of the fabricated Si1.xGex spiral waveguides; (b) Magnified
region of a single spiral waveguide corresponding to the red square area depicted in (a).
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2.3. Characterization

After the fabrication of the photonic circuits comprising the spiral waveguides, the
fabricated samples have been characterized using a free-space configuration set-up. In this
section, the experiment and characterization results for the study of waveguide properties in
terms of propagation losses and coupling losses will be presented. The measurements have
been performed in collaboration with Joan Manel Ram ez, post-doctor who built the

experimental set-up.

2.3.1. Description of experimental set-up

The mid infrared characterization set-up uses an ad hoc free-space configuration as

shown in Fig.2.3.1.

(a) Rotator Aspheric lens

- - O U D Sample

MIR Laser InGaAs detector

Mirror

5-8.5 um
( pm) - Flip mirror ~ Polarizer
MCT detector *:]
MIR
spectrometer
Camera
(1-6 pm)
(b)

Fig.2.3.1. (@) Schematic image of the MIR characterization set-up; (b) Image of MIR set-up covered by
isolation box (left), and the dry air pump system (right).
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The MIR laser is a MIRCAT tunable quantum cascaded laser (QCL) with an external
cavity operating in pulse regime with a duty cycle of 5% and a repetition rate of 100 kHz.
The laser which contains three laser chips, emitting in TM polarization provides a tunable
wavelength range from about 5 pm (2000 cm™) to 8.5 pm (~1170 cm™) with a maximum
peak power of 300 mW at 6.5 pm and a wavelength accuracy lower than 1 cm™ (below
6.5 nm) [67]. A polarization rotator is installed at the output of the laser while measuring in
TE polarization. Then using the aspheric ZnSe lens, light is butt coupled into and out from
the sample. To facilitate this coupling, the width of the waveguides at the chip input and
output are 50 pm. They are followed by 1.2 mm-long tapers to reach the targeted width,
typically 5 pm. The collected optical signal propagates through a polarization filter to
discard any polarization rotation throughout the sample. The signal is then sent to either a
MIR camera or a spectrometer with an MCT HgCdTe photodetector. The MIR camera is
available from 1 to 5.5 pm allowing us to observe the mode profile coupled out of the
sample, to ensure the fundamental mode coupling. Finally, the detected signal is recorded
through a lock-in amplifier. The full optical path is installed inside an isolation box
connected to a dry air pump system which allows to reduce the impact of atmospheric

absorption lines at different wavelengths (mainly the H.O absorption).

2.3.2. Experimental results

The spiral waveguides on three platforms have been measured at a wavelength range
from 5.5 um to 8.5 pm in a step of 4 nm. Fig.2.3.2 shows a representative measured
transmission of 5-pm-width waveguides based on platform Aand the laser response without
sample. The drops at 5.8 pm and 7 pm correspond to the changes of laser chip during the
wavelength-scan measurement. Moreover, drop lines in a wavelength range from 5.5 pm to
7 | are corresponding to the atmospheric absorption lines of other components in air and
some residual H>O due to the non-perfect isolation of the optical path.

Waveguide propagation losses and coupling losses have been characterized using the
cut-back technique. Fig.2.3.3(a) shows a representative cut-back measurement of the spiral
waveguides on the three platforms in quasi-TE polarization at 7.5 pm. As can be observed,

the recorded transmittance decreases linearly with the waveguide length, whose slope
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represents the waveguide propagation losses, and the intercept at L =0 can be directly
correlated to the coupling losses. Coupling losses of 9.5 dB/facet, 4.5 dB/facet and
8.6 dB/facet at 7.5 jum are obtained for platform A, B and C respectively. Different coupling

condition can be predicted by different index profile at the waveguide facet of each platform.
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Fig.2.3.2. Measured transmission of 5-pm-width waveguides based on platform A (colored lines) and
the laser response without sample (black line).

This cut-back method has been performed to calculate the propagation losses at
different wavelengths from 55 pm to 85 pm for both TE and TM polarizations
measurements. Fig.2.3.3(b-d) show the waveguide propagation losses of each platform for
both TE/TM polarizations. As shown, broadband low-loss (<3 dB/cm) performance is
achieved for platform A and B in both polarizations with a nearly negligible wavelength
dependency. On another hand, the platform C presents high loss up to 10 dB/cm at 8 pm in
TE polarization. In TM polarization, propagation loss increases continuously as a function
of operation wavelength which is corresponding to the theoretical prediction. Similar values
of waveguide propagation losses have been obtained for waveguides with different widths
(Wwe =4, 5 pm). However, mode beating has been observed for 6-pm-width waveguides

which are highly multimode.
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Fig.2.3.3. (a) Transmittance as a function of waveguide length for quasi-TE polarization at 7.5 pm,
dashed colored lines are linear fits of the data; (b)-(d) Measured propagation loss from 5.5 to 8.5 pm
for platform A, B and C [68].

2.4. Study of sensing capability of Si1.xGex waveguides

The determination of broadband low-loss waveguide based on platforms A and B
provides a good starting point for the demonstration of on-chip integrated circuits. After the
evaluation of waveguide properties, the sensing capability of Sii.xGex waveguides using

evanescent field absorption can be evaluated.

Theoretical study of sensing capability

Atheoretical evaluation of sensing capability of such graded-index Si1-xGex waveguides

using evanescent field absorption has been done by means of evaluating the field overlap of
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the guided mode with the waveguide upper cladding. In the theoretical calculation, “no-

cladding” (nclaa= Ny, =1) corresponds to the scenario of gas-trace sensing, i.e. methane

(CHg4), and “with cladding” (a refractive index n~1.6 is used in this calculation)
corresponds to a liquid-phase analyte sensing.

As can be observed in Fig.2.4.1, the power fraction increases as a function of
wavelength. Comparing the simulated power fraction of guided mode in the upper cladding
for waveguides based on three Si1.xGex materials, waveguide on platform B and platform C
have better performance than waveguide on platform A. Then considering the possible high
propagation loss in platform C, graded-index Sii-xGex waveguides based on platform B
would show best performance for evanescent field sensing in this wavelength range.

To further discuss the potential of Si1xGex waveguides for the application of gas-trace
sensing, the detection limit in terms of the minimum detectable analyte concentration has
been estimated. As an example, the possibility of using Sii.xGex to detect the presence of
methane (CH4), which is well known as one of the key roles in global warming [69] is
considered. CH4 presents a strong absorption line at A =7.7 pm [12]. Considering a
waveguide length L and propagation loss a, the change of transmitted light intensity Al

affected by the presence of analyte can be calculated by [27]:
Al =exp(-aL)[1-exp(-Ta'L)|~ exp(-aL)la'L (1)

where a' is the absorption coefficient of the analyte and 7" is the overlap factor of guided

mode in the air (gas-phase analyte). The optimum waveguide length which yields the

maximum detectable optical attenuation providing an optimum sensitivity can be given by:

% =0=>1L :é 2

The optimum waveguide length can be obtained as L = 1.45 cm considering the

typical waveguide loss a = 3dB/cm. The minimum detectable concentration is then given
by the following equation:

| s
Coin = :TL 3)
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where APmin-detec 1S the minimum detectable variation of optical power of the detection
system, and ¢ is the molar absorption of analyte, which is equal to 174 L molcm™ for
methane. Considering the used detector in our experimental set-up, a DSS-MCT14 020L
photodetector from Horiba with a NEP of 5.102 W/Hz2, a signal to noise ratio of 10 and
an averaging time of 0.1 ms, the minimum detectable power can be calculated as 3.5 nW.
Thus, considering the overlap factor of 0.3% (TE mode, Platform A, Fig.2.4.1(a)) and 0.72%
(TE mode, Platform B, Fig.2.4.1(b)), the minimum detectable concentration CHg is around

1.2x10° mol L (Platform A) and 5.3x10° mol L (Platform B). It corresponds to
293 ppm (Platform A) and 130 ppm (Platform B) lower than the occupational exposure limit

of 1000 ppm recommended by the international environmental standards [70].
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Fig.2.4.1. Simulated overlap factor of guided mode with and without upper cladding for (a) Platform A;
(b) Platform B and (c) Platform C.

Experimental demonstration of sensing capability
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Considering the requirement of an additional gas-supply microfluidic system for
sensing experiment of gas detection, a simple approach is performed for the first proof of
concept. A cladding layer of photoresist S1818 (n ~1.6) which can be easily found in our
laboratory is used. The S1818 is a positive photoresist which is widely used for optical
lithography in the micro/nano fabrication. It contains mainly propylene glycol monomethyl
ether acetate (CsH1203) polymer and Mixed cresol novolak resin [71]. The first one consists
with the chemical bonds of C-C (absorption between 6.6-16.7 pm), C-O (absorption
between 7.7-10 m) and C=0 (absorption between 5.7-5.9 ) [72]. The last one consists
with the chemical bonds of C-C, C-O and the structure of benzene (absorption between 5.9-

6.5 um) [73]. Fig.2.4.2 shows the absorption band of different chemical bonds in the mid

infrared.
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Fig.2.4.2. Absorption band of different chemical bonds, readapted from [73].

To evaluate the absorption of the evanescent component of the guided mode, 1.8 pm-
thick S1818 photoresist has been spin coated on the spiral waveguides based on platform A.
A schematic waveguide cross-section and the SEM image are presented in Fig.2.4.3. The
SEM image of waveguide confirms that the waveguide is fully covered by the photoresist.
The evanescent field of guided mode thus interacts with the photoresist cladding, resulting
in a wavelength-dependent absorption. Transmission measurement of waveguide with

photoresist cladding has been performed to compare with previous measurement without
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cladding. Raw transmission measurements of spiral waveguides between 5.2 and 7 jum for

different lengths are shown in Fig.2.4.4.
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Fig.2.4.3. (@) Schematic cross-section of the waveguide; (b) SEM image of the waveguide presenting
1.8 m thick photoresist on top of the waveguide.
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Fig.2.4.4. Raw transmission spectrums of the spiral waveguides of different lengths (normalized by the
laser spectrum without sample) (a) without and (b) with photoresist cladding in TE polarization [74].

Transmission spectrum of all waveguides for wavelengths larger than 7 pm are at the
noise level of our set-up. It is due to the high absorption of the pre-mentioned chemical
bonds at long wavelength. The cut-back method has also been applied to calculate the
propagation losses with the presence of photoresist up to 7 pm. Fig.2.4.5(a) shows the
waveguide propagation losses with the presence of photoresist S1818 for both TE/TM
polarizations. It is evident that we can observe the increased losses at wavelengths of 5.8 m,
6.25 pm and after 6.5 m. The high losses at 5.8 m and 6.25 m are mainly corresponding
to the absorption of chemical bonds of C=0 and of benzene, respectively. Moreover, the
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high loss for wavelength larger than 6.5 pm (even larger than 7 pm) corresponds to the
absorption of high concentration of C-C and C-O bonds in the photoresist S1818.

To verify the absorption coefficient of different chemical bonds of the photoresist, the
transmission characteristics of the photoresist has been measured in a surface illumination
configuration (a layer of photoresist on a Si wafer). Transmission of a Si wafer covered by
78-pm-thick photoresist has been performed, and then normalized by the transmission of

the Si wafer without photoresist.
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Fig.2.4.5. (a) Propagation losses of Si1xGex waveguide covered by photoresist S1818 for TE and TM

polarizations from 5.2 to 7 pm, (inset) illustration of cut-back method at A = 5.6 um; (b) Normalized

absorption coefficient of the photoresist compared with the losses of waveguide (in TE polarization)
covered by photoresist [74].

It has thus been possible to estimate the absorption of the photoresist, as reported in
Fig2.4.5(b). Interestingly, a very good correlation is obtained when comparing the spectral
evolution of the photoresist absorption and the propagation losses of the waveguides with
the photoresist cladding, proving that the increase of the propagation loss can be attributed
to the absorption of the evanescent field by photoresist at certain wavelengths. The
comparison of the waveguide propagation losses and the photoresist absorption coefficient
at 6.25 m has then be used to calculate the overlap factor of the guided mode with the
absorbing cladding. This overlap factor has thus been estimated to 0.16% for TE
polarization and 0.17% for TM polarization. It is worth to note that this calculated overlap
factors are a bit lower than the values obtained by simulation (0.29% and 0.3% respectively,
see Fig.2.4.1(a). The slight difference between experiment and simulation could be

attributed to an over-estimation of absorption coefficient of the photoresist in the surface
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illumination measurement where the Si wafer has been tilted about 45°to avoid direct
reflection of laser signal back to QCL. An effective reduction of the estimated overlap factor
may be occurred.

This experiment proves that the feasibility of using Si1-xGex waveguide to demonstrate
evanescent field sensing circuits in the MIR range. Further improvement of the performance
of the sensing circuits is also expected by implementing on-chip resonant structures. The

demonstration of broadband MIR resonators will be presented in Chapter 4.

2.5. Conclusion

In this chapter, the properties of MIR waveguide based on three Si1xGex platforms and
the sensing capability of such waveguide are discussed. In the first part, theoretical study of
waveguide properties, in terms of effective index of guided mode, single mode condition,
field overlap with Si substrate and upper cladding, are evaluated for the design of MIR
broadband waveguide.

In a second part, the waveguides fabrication process mainly about lithography and ICP
etching are presented. A main challenge of etching 4-pm-deep while keep a low sidewall
roughness is overcome. Waveguides with 5 different lengths (L = 0.6, 4.1, 6.1, 8.3, 10.4 cm),
3 different widths (Wwes = 4, 5,6 |um) have been fabricated on all three Si;xGex materials.

In the third part, fabricated waveguides are measured using a free-space configuration,
obtaining low-loss broadband operation. A propagation loss less than 3 dB/cm over the
whole measured wavelength range are obtained for waveguides based on platform A and B.

The last part is dedicated to the evaluation of sensing properties based on these MIR
platforms. The feasibility of using graded-index Si1.xGex waveguide for applications of gas-
trace sensing, as an example of CH4 are discussed. A theoretical minimum detectable
concentration of CHs is obtained as low as 130 ppm using the evanescent filed absorption
based on Si1-xGex waveguide. Then, as a proof of concept, a sensing experiment of detecting
an optical photoresist S1818 is performed. The experimental results prove that the feasibility
of graded-index Si1.xGex waveguide for further demonstration of high performance on chip

sensing systems.
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3. Periodic Waveguides

In the context of integrated optics, periodic waveguides are widely used for many
applications, for example grating couplers are used for fiber to chip light coupling [75-79].
Moreover, waveguide Bragg gratings have been widely used for the demonstration of on-
chip Fabry-Perot cavities for many applications such as sensing and laser source [80-82].
In both cases, the operation relies on the periodicity of the waveguide which creates
periodicity of the effective index of the guided mode. By varying the period of the refractive
index perturbation in a waveguide, three regimes can be achieved as shown in Fig.3.1.1 [83]:
i) diffraction regime where light is radiated out of the waveguide. In this case the period is
larger than half of the wavelength; this regime is used to couple light from the waveguide
to a fiber on top of the photonics circuit. ii) Bragg reflection regime where light is back
reflected inside the waveguide. The period is thus equal to half of the wavelength to achieve
the Bragg condition. iii) Subwavelength regime where light is transmitted through the

waveguide. In this case the period is less than half of the wavelength.
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Fig.3.1.1. Light propagation through a periodic waveguide for three regimes, adapted from [83].

During this thesis, periodicity has been introduced in the MIR Ge-rich graded SiGe
waveguides for two main applications: first to evaluate the possibility to couple light from
the waveguide to a top fiber; then to demonstrate the first integrated Fabry-Perot cavities at

MIR wavelength. The design of the MIR grating coupler is reported in section 3.1. Grating
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coupler for TE/TM polarization have been designed at a wavelength of 7.5 pm. A -1-dB
bandwidth of more than 300 nm is obtained for both polarizations. A coupling efficiency of
-12 dB (-9 dB) is obtained for TE(TM) polarization. It can be further optimized by grating
trench apodization. The second part of this chapter is then dedicated to the design,
fabrication and characterization of Bragg reflectors integrated on the waveguide.
Interestingly, operation is demonstrated in a wide range of MIR wavelength between 5.4 pm
and 8.4 m by simply modifying the period of Bragg grating. The use of these reflectors to
demonstrate the first MIR Fabry-Perot cavities working at 8 pm wavelength will be reported

in the chapter 4 of the manuscript.

3.1. MIR broadband grating couplers

There are two ways to couple light into a photonic integrated circuit, one is using the
butt coupling where light is coupling from the edge of the sample normally through an
adiabatic taper. In this way, it requires edge facet polishing for the fabrication to obtain an
efficient coupling, and the in/output waveguides must be at the edge of the sample. Apart
from these limitations, butt-coupling shows wide coupling bandwidth, and the operation of
a butt-coupled PIC is generally limited by the bandwidth of other building blocks or the
waveguide itself.

The second approach is coupling from the sample surface using the grating couplers
which have been largely developed in NIR wavelength range. An example of grating
couplers for light coupling at the sample surface from an optical fiber is presented in
Fig.3.1.2. This approach shows high tolerance to fabrication and alignment and reasonable
to good coupling efficiency. Due to its flexibility of implementation anywhere on the chip
and its high tolerance to alignment, grating couplers are interesting for complex systems
and allow wafer-level characterization without chip dicing and facet preparation. . In
terms of optical fiber, the classical silica fiber cannot be used in the mid-infrared range
because of light absorption in this wavelength range. New approaches have thus been
developed for MIR fiber, such as Chalcogenide glasses fiber, Germanate glasses fiber,
heavy metal fluoride glasses (HMFG), sapphire fiber, photonic crystal fiber and others [84—

88]. Most of them are still limited in short-wave infrared and are multimode fibers. In the
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lab we did experiments with Chalcogenide-based photonic crystal single-mode fiber. The

grating coupler has thus been designed for coupling light from chip to this type of fiber with

a core diameter of 13 pum [89].

Fiber

Conv Taper -

Grating

Fig.3.1.2. 3D schematic view of a grating coupler where light is coupled out from the waveguide to the
optical fiber on top, readapted from Ref. [90]; SMF, single mode fiber.

Ref. Year CE(dB) BW (nm) Ac(pm) Remarks

[75] 2006 -5.2 40 1.55

[91] 2007 -1.2 60 1.55 high directionality; simulated
[77] 2009 -4.7 40 1.46 nano hole; DUV fabrication

[92] 2010 -3.7 55 1.55 TM pol.; apodized

[93] 2011 -1.4 38 (1-dB) 1.55 optimized BOX; simulated

[94] 2011 -4.5 60 1.55 pol. independent; simulated

[90] 2011 -2.2 40 1.55 inverse taper; low back reflection
[95] 2012 -4.1 57 1.55 Silicon membrane on glass

[96] 2012 -5 - 2.75 mid-infrared; silicon-on-sapphire
[97] 2013 -1 50 1.55 high efficiency; apodized

[98] 2014 -4.7 100 (1-dB) 1.55 focusing curved; ultra-broadband
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[99] 2015 -1.3 52 1.55 high-directionality

[100] 2015 -0.69 60 1.55 sub-dB efficiency

[101] 2016 -11 70 (1-dB) 3.8 mid-infrared; low reflectivity
[102] 2016 -2 410 4.5 mid-infrared; suspended SiGe
[79] 2017 -5 100 5 mid-infrared; Ge-on-Si

[79] 2017 -4 180 5 mid-infrared; Ge-on-SOI

[103] 2017 -0.54 61 (1-dB) 1.55 anti-reflection cladding
[104] 2018 -9.6 310 (1-dB) 7.5 mid-infrared; SiGe (this work)

Table 1. Overview of grating couplers demonstration; coupling efficiency (CE), bandwidth (BW) and
central wavelength (Ac).

In this context, many outstanding works on grating couplers operating in NIR and MIR
have been demonstrated in the last decade as an objective of optimizing its performance in
terms of coupling efficiency, bandwidth, polarization dependence and other properties as
shown in Table 1. Among them, the recently developed grating couplers operating in MIR
operates mainly at short-wave infrared [96,101,102]. Grating couplers working at large
wavelength range in the MIR (beyond 6 pm in the fingerprint region) remains missing,
especially for the fingerprint region. In this section, we will present the design of grating
couplers at long-wave infrared for light coupling from Chalcogenide Photonic Crystal fiber
to the Ge-rich SiGe photonic circuit. We chose to design the grating coupler at 7.5 pm

wavelength, for possible application in alkane sensing.

3.1.1. Phase matching condition

To operate in the diffraction regime where the light is scattered out from the waveguide,
the target wavelength A and the grating period A must obey the phase matching condition
expressed by the following equation:

. kA
n,sin(g,)=ng +—
uc ( k) B A

(4)

where n,. is the refractive index of the upper cladding of the grating, 6, is the radiation
angle measured from the surface normal, n, is the refractive effective index of the Bloch-

Floguet mode in the periodic grating region, Kk is the diffraction order which is an integer.
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Considering that the effective index of the Bloch-Floquet mode is larger than the upper
cladding (air cladding nyc = 1), it can be deduced that only negative diffraction orders can
be radiated out of the grating coupler. As multiple diffraction beams propagating at different
angles would interfere each other resulting in a poor coupling efficiency, the single

diffraction beam is critical.
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Fig.3.1.3. Radiation phase matching condition in Eqg. (4), evaluated as a function of period (A) for TE
polarization at a wavelength of A = 7.5 pm with n; =3.66 and ny = 1.

To illustrate the behavior of grating couplers in the graded-index Si1.xGex waveguides,
the 6-pm-thick graded platform (platform B, waveguide cross-section shown in Fig.2.1.1)
is considered. This choice is related to the higher confinement comparing to platform A
while implementing grating couplers in a low index contrast platform is very challenging.
Though the coupler design has been done for both TE and TM polarizations, the analysis
and simulation process are presented for TE polarization. An effective index of the TE mode,

calculated by 2D-Finite Difference Eigenmode (FDE) method, a n, of 3.66 at 7.5 pm is

considered. Fig.3.1.3 shows the phase matching conditions for radiation as a function of the
grating period. The radiation angles (6k) is calculated at different grating period for different
diffraction orders (k = -1, -2, -3...). Only first three orders  can show the single beam
radiation as shown below. Regions colored in gray present the single beam diffraction area

where only one order meets the phase matching condition ensuring the single-beam
57



radiation out of the coupler. Moreover, within the single-beam region, the targeted radiation

angle can be obtained.

3.1.2. Simulations: evaluation of grating coupler performances

The performance of grating couplers relies first on the fiber-chip coupling efficiency
which is defined as the ratio between the power coupled to the fundamental mode of the
optical fiber (Pr) and the injected power in the fundamental mode of the waveguide (Paw).
Assuming that the grating is long enough to radiate out all injected power, the coupling

efficiency can be expressed by the following equation:

CE:;—F:(l—r)oF-n 5)

AW

The factor (1-r) indicates the power injected into the gratings, where r= Py 5 and

AW

P, is the reflection back to the access waveguide. I" is the grating directionality defined by

the ratio of the power fraction radiated upward to the sum of power fractions radiated

upward and downward expressed as I'=R, /(R, +P,,,) - The factor n presents the

fraction of power radiated upward that is coupled into the fiber, which can be calculated as
an overlap factor between the grating radiated field and the optical fiber mode. Ideally, a

perfect grating coupler should have no back reflection (r ~0), high directionality (I" =1)
and maximum overlap between radiated field and fiber mode (7=1). The objective of

designing a good grating coupler is thus to minimize the back-reflection and maximize

simultaneously its directionality and the overlap between radiated filed and fiber mode.

Grating coupler with conventional adiabatic taper

2D Finite-difference time-domain (FDTD) method has been used to calculate the
directionality and the back-reflection of the grating coupler with various dimensions at a
wavelength of 7.5 pm. Instead of applying 3D simulation method, 2D method provides
mainly the advantage of much less time-consuming for the calculation maintaining high-
accuracy in the case of low confinement waveguides. As shown in Fig.3.1.4, a light source

(A=7.5 pm) is set at the input of the grating considering an access waveguide with an
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adiabatic taper, and four electromagnetic field monitors are used to calculate the back-
reflection, transmission, power radiated upward and downward, respectively. Moreover,
another monitor covering the whole grating coupler is used to calculate the electric field
profile. Calculations have firstly been performed for different etching depth by roughly
scanning the grating period from 1.5 pm to 6.5 pm with a step of 0.2 m, and the duty cycle

(DC = Lo 'A» Where Lo is the length of non-etched tooth) from 0.1 to 0.9 with a step of

0.05, to roughly analyze the performance of grating coupler. Calculations have been done
for an etching depth of 2 to 4 pm, Fig.3.1.5 shows the representative results of electric field
profile simulated for an etching depth of 3 and 4 jum. As can be observed in this figure, the
electric field is radiated (mainly down radiation) only at the first few periods of the coupler.
The deep etching depth is responsible for the effect. As the used waveguide has a graded-
index profile which results in a low vertical light confinement, the radiation down to the
substrate occurres when the etching depth is too deep. Then, an etching depth of 2 um is

chosen to reduce the radiation down to substrate.

Reflectivity Transmittance

Up radiation

Electric field
monitor

Down radiation

——— [

Figure 3.1.4. Captured image of a representative 2D-FDTD simulation window, a light source is set at
the input waveguide, a monitor is set in the left of light source to calculate the back-reflection, a second
monitor is set at the end of the gratings to calculate the transmittance, then two monitors are set in the
upper/lower cladding to calculate the up/down radiation, and a final monitor covering the whole grating
coupler is used to calculate the electric field profile.
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Fig.3.1.5. Simulated electric field profile of grating coupler for a period of 4 m, duty cycle of 0.5 and
an etching depth of (a) 3 um, and (b) 4 pm.
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Fig.3.1.6. Simulated color map of (a) directionality and (b) reflectivity for a grating coupler with
different period and duty cycle, (c) Example of simulated directionality and reflectivity as a function
grating period for a coupler with DC = 0.5 and etching depth of 2 pm.

60



Fig.3.1.6 reports the calculation of directionality and reflection in the case of a grating
coupler using adiabatic taper with 2-pm-etching depth. Poor performances are obtained, as
the high back-reflection at the interface of the access waveguide and the gratings limits its
performance. The reflectivity could be reduced with large duty cycles (>0.7) but this
correspond to very narrow etched patterns, which are challenging to fabricate in terms of

practical fabrication.

Grating coupler with inverse taper

The high value of the back-reflection is a limiting factor for the grating coupler
performances. Reflection occurs at the interface between the input waveguide and the
grating, because of the index mismatch. It has been shown in [90,101] that inverse taper can

be used to reduce the reflection that occurs using conventional adiabatic taper.
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Fig.3.1.7. 3D schematic view of grating coupler with (a) conventional adiabatic taper access, (b)
inverse taper access; Equivalent side view of 2D simulation of grating coupler with (c) conventional
taper, (d) inverse taper; different colors present the variation of material refractive index.

The 3D schematic view of the two approaches are compared in Fig.3.1.7, the taper
width is decreasing along the propagation direction, the optical mode is then deconfined in
the y-z plan along the y axis. Thus comparing the equivalent 2D side view, it can be seen
that in the 2D simulation approach, the use of an inverse taper is equivalent to a low-index

access of coupler as presented in Fig.3.1.7(d). It reduces the index contrast between access
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taper and the grating, therefore reduces the back-reflection. Then, starting from the structure
with conventional taper access with 2-pm-etching depth, the directionality and the back-
reflectivity are then calculated. As shown in Fig.3.1.8, the reflectivity is almost eliminated,
and the directionality is thus increased.

Moreover, to calculate the coupling efficiency, the overlap factor of the power radiated
upward, and the optical fiber mode has been calculated. The overlap factor is calculated as
an integral of the electromagnetic field radiated upward and the gaussian profile of the single
mode fiber over the surface of fiber cross-section. In a 2D simulation, in y-z plan,

considering the spatial symmetry of fiber mode, the overlap can be calculated as:

2

n= ‘ [E, (G exp(i %sin(@»j (6)

where Eyp is the upward radiation field distribution, G is the gaussian profile of the fiber
mode, and & is the radiation angle of the coupler in radians. The calculated efficiency is
shown as the red curve in Fig.3.1.8. As can be observed, the maximum coupling efficiency
is -12.5 dB. It is obtained for a grating coupler with a period of 4.5 pm where the length of
grating trench (L) is equal to 2.75 pm and the length of grating tooth (L) is equal to
1.75 pm. The corresponding duty cycle is of about 0.4.
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Fig.3.1.8. Simulated directionality, reflectivity and coupling efficiency as a function of period of
grating couplers using inverse taper with an etching depth of 2 jum and a duty cycle of 0.4.
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After the determination of grating period and duty cycle by optimizing the coupling
efficiency in a 2D simulation, the third dimension has to be considered, to obtain the width
of the grating and of the inverse taper. The grating width is firstly calculated by means of
maximizing the field overlap between the grating coupler and the fiber. Once the grating
width is obtained, the tip width of the inverse taper can be calculated by maximizing the
mode overlap at the interface of the taper and the grating coupler. The mode profile at the
tip of the inverse taper with various tip width is calculated by FDE method using mode

solution. The objective mode profile of grating coupler at the interface is then calculated by

a vector product of its horizontal (Ey) and vertical (E.) components:
E=E, AE: @)
where E, can be obtained by extraction of the horizontal component of the simulated

electromagnetic field of grating coupler at high-index region, E. can be obtained by the
2D FDTD simulation which has been performed for the calculation of coupling efficiency.

As the simulation results shown in Fig.3.1.9, the grating coupler with 18 pm width
gives an overlap higher than 99% between the coupler and the mode of the optical fiber
(black curve). The decrease of field overlap value after the optimization point is due to the
continues expansion in lateral direction of the mode when the grating width increasing.
Moreover, the largest field overlap between taper tip and gratings can be obtained for a tip
width of 1.8 jum as can be observed in Fig.3.1.9(a) (red curve).

Apart from the coupling efficiency, another property, the operating bandwidth is also
important for grating couplers. To determine it, the coupling efficiency of the grating
coupler for different wavelengths has been calculated. As the result shown in Fig.3.1.9(b)
in blue curve, the TE-designed grating coupler has a coupling efficiency of -12 dB at 7.5 pm
wavelength with a -1-dB bandwidth of about 300 nm. Furthermore, similar study has also
been done for TM polarization. It is worth to note that the TM-designed grating coupler uses
a conventional adiabatic taper. It is due to the cut-off of TM mode at this wavelength for
narrower waveguide which is limiting the approach of inverse taper. The simulation results

show that the TM-designed coupler has an efficiency of -9.6 dB at 7.45 pm with a -1-dB
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bandwidth of 310 nm. The final design of grating couplers for both TE and TM polarizations

is shown in Table 2.
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Fig.3.1.9. (a) Field overlap factor between grating coupler and single mode fiber (black curve), and the
field overlap between grating coupler and taper tip (red curve); (b) Coupling efficiency as a function of
wavelength for TE (blue curve) and TM (red curve) polarization; The contour of (c) the simulated
objective mode for grating coupler at the interface; (d) the simulated mode of inverse taper tip.

Polarization Etch(pm) A (pm) DC k CE (dB) BW (nm) access
TE 2 4.5 0.4 -2 -12 300 I*
™ 1 2.5 0.8 -1 -9.6 310 A**

Table 2. Comparison of grating coupler design for TE and TM polarization. * Inverse taper access; **
Adiabatic taper access.

As the overview of grating couplers demonstration shown in Table 1, grating coupler

have been previously demonstrated with a -3-dB bandwidth of 410 nm at 4.5 pm [102]

using suspended SiGe. In our work, the -1-dB bandwidth is already more than 300 nm at a
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wavelength of 7.5 pm, and the -3-dB bandwidth is more than 600 nm. This broadband
operation is due to in one hand the low material dispersion in the MIR wavelength, in

another hand the self-mode-adaptation of the graded-index waveguide.

3.2. Waveguide Bragg grating

Since the discovery of Bragg’s law by Lawrence Bragg [105], Bragg gratings have
shown a great impact in the optics society. There are today two main approaches of
implementing the Bragg grating, the fiber Bragg grating or on-chip waveguide Bragg
grating. The development of waveguide Bragg grating (WBG) could back to 1960s [106],
then the first fiber Bragg grating (FBG) was demonstrated in 1978 [107]. Though, the
development of WBG is earlier than FBG, however the WBG approach shows today
relatively less achievement than FBG in the manufactory point of view. It is mainly due to
the technical difficulties on the fabrication method. Although, the development of WGB
shows great potential for tones of applications in a point of view of on-chip integration.

In the simplest configuration, as the general principle presented in Fig.3.1.1, similar to
the grating couplers, the WBG is also a periodic waveguide with periodic perturbation of
the effective index along the propagation direction. For a given wavelength, the periodic
waveguide operates as different functionalities while varying the grating period. It operates
as a grating coupler when the period is larger than half of the effective wavelength as already
presented in the last section. When the grating period decreases, less and less diffraction
orders are allowed, once the period meets the Bragg condition where the period is equal to
half of the effective wavelength. Thus the periodic waveguide operates as a waveguide

Bragg grating where light is back reflected to the waveguide.

Ref.  Year Rejection (dB) BW (nm) Remarks
[108] 2009 ~ -7 16 cladding-modulated
[20] 2009 ~-3 ~ 60 microfluidic; RI sensing
[109] 2011 -30 1.4 slab-modulated

[110] 2013 -40 2-20 slot waveguide

[111] 2015 5.16 temperature sensing
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[112] 2016 -25 dual phase-shift; PAM-4 modulation

[113] 2017 ~-60 ~4 dual-polarization operation
[114] 2017 -40 1.1 subwavelength engineering
[115] 2018 -40 0.8 subwavelength; asymmetry
[116] 2019 -21 mid-infrared; Si1xGex (this work)

Table 3. Overview of demonstration of waveguide Bragg grating; BW: bandwidth.

The WGB is used in various devices for applications in data communication and
sensing systems. A lot of outstanding works have been done in the last years, such as the
demonstration of A-division multiplexer [117], the use of WGB to realize RI sensing
[20,21,80]. More recently, a fully reconfigurable waveguide Bragg grating has been
implemented on a SOI platform for signal processing [81], then different approaches of
cascading Bragg gratings have been demonstrated to achieve narrow-band ultrahigh
rejection notch filter for on-chip pump rejection [118,119]. Many other works of waveguide
Bragg grating are shown in Table 3. In this section, the design, fabrication and

characterization of MIR waveguide Bragg grating are discussed.

3.2.1. Waveguide Bragg grating modeling and design

In order to operate in the Bragg regime, where the guided mode is reflected into a
backward-propagating mode, the back reflection from each individual period in the gratings
should interfere constructively as the schematic view shown in Fig.3.2.1. The constructive
interference occurs when the phase matching condition also called the Bragg condition is
achieved:

kAs =2n, A (8)
where k is a positive integer which indicates the reflection order, A; is the Bragg

wavelength and nef is the effective index of the Bloch-Floquet mode in the gratings. The
reflections interfere constructively only in a narrow band centered at the Bragg wavelength
where light is strongly reflected. The waveguide Bragg gratings considered in this work
operate in the first order (k = 1) in TM polarization. It is obtained by a periodic corrugation
of the waveguide surface as shown in Fig.3.2.1(a).
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Fig.3.2.1. (a) 3D schematic view of a uniform Bragg grating; (b) Longitudinal 2D schematic view of a
uniform Bragg grating, X is the propagation direction, A is the grating period, Lnigh is the length of high
index region, Liow is the length of low index region.

Coupled mode theory

The most common method to evaluate the performance of Bragg grating is to make use
of the coupled mode theory (CMT). It can be used to describe the operation of Bragg grating
structure in which the gratings can be considered as a perturbation in the waveguide. Due
to its mathematical simplicity and physical intuitiveness, it has been extensively applied as
a mathematically tool to analyze the propagation and interaction of electromagnetic field
with material [120,121]. Details on the demonstration of CMT for the Bragg grating can be
found in [122,123]. Considering a surface-corrugated uniform Bragg grating with
rectangular corrugation profile, the reflection (R) and transmission (T) for a such Bragg
grating with a length of L at the target Bragg wavelength can be given respectively by:

R =tanh?(x'L) 9)
T =sech?(xL) (10)
with the coupling coefficient K can be calculated by:
o [ (nfg, —Ney,)sin(z - DC)
AgNes

where nnigh and niow denotes high and low refractive index of the two materials inside the

(11)

gratings, DC is the duty cycle (DC =L, / A), and T indicates the overlap factor between

the guided mode and the grating corrugation. It can be calculated as an integral of the
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normalized electric field intensity distribution ¢, of the guided mode over the surface of
grating region.

= ] gy 2)dyoz (12)

grating
As can be calculated by equations (9,11), the maximum reflection of a uniform Bragg
grating is obtained for a duty cycle of 0.5. Moreover, the bandwidth of the Bragg grating

centered at 4, is proportional to the coupling efficient x:

2 2
PPy P (13)

2
N, L

where ng is the group index. Therefore, both the reflection and the bandwidth depend on the

coupling coefficient k£ and on the grating length L.

Simulation method and results

The CMT method allows us to put forward a primordial factor, the coupling coefficient
(or coupling strength) of the grating which crucially depends on the overlap between guided
mode and corrugations. Thus, the design of waveguide Bragg grating requires to maximize
this overlap factor at interesting wavelengths. Although the CMT method allows to analyze
the performance of the waveguide Bragg grating, however, it requires complex mathematic
calculation to properly simulate its spectrum. Therefore, for the spectrum simulation of
waveguide Bragg grating, people usually use the FDTD method to determine the
dimensions of its corrugations and total length [108,115]. However, the accurate simulation
of a waveguide Bragg grating using FDTD method is in general very time-consuming. In
order to decrease the simulation time, eigenmode expansion (EME) method has been
applied for the design of MIR Si1.xGex waveguide Bragg gratings. The EME method is a
rigorous technique to calculate electromagnetic propagation in a waveguide which relies on
the modal decomposition of the field into a basis set of local eigenmodes that exists in the
cross section of waveguide. It has to be noted that the simulation has been performed for

the Bragg grating design is a 2D EME simulation in the x-z plan as schematic shown in

Fig.3.2.1(b).
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The simulations have firstly been performed on the waveguides based on platform A
with 11-pm-thick graded layer and 2-pm Sio2Geos constant layer (cross-section see
Fig.2.1.1, schematic simulated structure see Fig.3.2.1). Simulation has been done with
DC =0.5, 48 = 7.5 pm and for a grating pitch p =1 pm calculated by Eq. (8) considering
the fundamental TM mode in a 5-pm-wide waveguide.

The simulation results show that the coupling coefficient with weak top corrugation
(etching depth ed = 0.3 ) is very low which leads to an extremely low Bragg reflection,
as can be observed in Fig.3.2.2(a). The Bragg reflection is less than 30% for a uniform
grating with 1 cm total length. Moreover, it shows a saturation when the total length
increases, because of the high grating loss.

As shown in Fig.3.2.2(b), the grating loss increases when the etching depth of
corrugation is increasing. The high grating loss is due to the low vertical index contrast of
the platform A as shown in Fig.2.1.1. When the perturbation increases, more and more
power is scattered into the substrate. Consequently, to design a waveguide Bragg grating
based on platform A, the etching depth of the corrugations must be low enough to avoid the
power leakage. However, the total length of such a Bragg grating with weak corrugations

will be extremely long (> 1 cm) in order to obtain high reflection.
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Fig.3.2.2. (a) Simulated spectrum of Bragg grating with ed = 0.3 m; (b) Simulated grating loss as a
function of corrugation etching depth ed with N = 1000; simulation has been performed with DC = 0.5,

andp=1pm.
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Therefore, waveguide Bragg gratings have been designed using the platform B, which
provides higher index contrast together with low propagation loss as already presented in
the previous chapter. To evaluate the grating loss as a function of the corrugation etching
depth, simulations have been performed for different values of the etching depth (ed) while
fixing all other parameters (DC = 0.5, N =100, p=1.02 pm calculated by considering
fundamental TM mode for a 5-pm-width waveguide at 1g = 7.5 pm). Fig.3.2.3 presents the
grating loss as a function of the corrugation etching depth. As can be observed, the grating

loss is negligible (< 1%) for a corrugation etching depth below 400 nm.
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Fig.3.2.3. Grating loss as a function of etch depth of corrugations. Simulation has been performed with
DC =0.5,N=100, and p =1.02 pm.

The total reflection and grating loss have then been simulated for gratings with different
number of period N from 50 to 300, for an etching depth of 400 nm. As shown in
Fig.3.2.4(a), a waveguide Bragg grating with N = 250 can achieve a total reflection higher
than 90% keeping low grating loss (<5%) as shown in Fig 3.2.4 (b). The blue-shift of the
Bragg wavelength is due to the over estimation of the effective index of the Bloch-Floquet
mode. Indeed in the calculation of the period of the Bragg grating by Eg. (8), as an
approximation we used the effective index of TM mode of the straight waveguide
(nwa > neioch). However it is then straightforward to tune the Bragg wavelength by slightly

tuning the Bragg period, to achieve for example a target wavelength of 7.5 pm.
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Thus, finally, a waveguide Bragg grating based on the graded-index Si1-xGex waveguide
has been designed. The width is Wwe = 5 pm, the waveguide etching depth is ED =4 pm,
the duty cycle is DC = 0.5, the period is p = 1.02 for operation at g = 7.3 pum, and the
corrugation etching depth is ed = 400 nm. With period number N > 250 it is possible to
obtain a Bragg reflection higher than 90%. Furthermore, the broadband characteristics of
the Si1.xGex waveguides allow us to efficiently tailor the central operating wavelength of
Bragg grating by simply modifying the grating period according to the Bragg condition as
shown on Fig 3.2.4(c).
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Fig.3.2.4. (a) Simulated reflectivity of a Bragg grating with N = 250, and p = 1.02 pm; (b) Simulated
reflection and grating loss at Bragg wavelength as a function of number of period; (c) Simulated
spectrum of waveguide Bragg gratings with various period. Simulations have been performed with
DC =0.5,ed =0.4 pm, and N = 250.
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Fig.3.2.5. (a) Calculated coupling coefficient of the waveguide Bragg grating as a function of the ratio r
between the corrugation width (Wcorr) and the nominal waveguide width (Wwg); Inset: 3D schematic
view of a waveguide Bragg grating. (b) Schematic of the waveguide cross-section with the simulated

fundamental TM mode profile at the low index region of grating.

Then, in order to experimentally confirm the operation of the designed MIR waveguide
Bragg grating, devices with different number of period (N = 210, 250, 280) and values of
the period (p = 0.74, 0.88, 1.02, 1.10, 1.16 |um) have been selected for device fabrication.
Moreover, taking into account the technical limitation which will be discussed in the next
section in detail, the corrugations within the Bragg waveguide will by narrower than the
waveguide width. Thus, it is possible to overcome technical issues related to the alignment
of the corrugation and the waveguide definition. Furthermore, with this design, illustrated
in the inset of Fig.3.2.5(a), an increase of the Bragg coupling coefficient is even obtained,
which is attributed to an increase of the overlap factor between the Bloch-Floquet mode and
the corrugation, that leads to a higher Bragg reflection as described by Eg. (11). Fig.3.2.5
presents the calculated coupling coefficient as a function of the corrugation width and the
cross-section of the designed Bragg grating at low-index region with the simulated TM
mode profile at 7.3 pm. The coupling coefficient is calculated by Eq. (11) with an overlap
factor estimated using mode solution by calculate the overlap of guided mode with the
corrugation region as shown in Fig.3.2.5(b). Although this method is not a rigorous 3D
simulation of the Bragg grating, it gives the tendency on how the corrugation width affects

the performance of waveguide Bragg gratings. The corrugation width is then chosen to be
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W, =0.7W,, as it provides the highest coupling coefficient which would result in the

corr

highest value of the Bragg reflection.

3.2.2. Fabrication

The waveguide Bragg grating requires two etching steps: a shallow etch (400 nm) for
the corrugation, and a deep etch (4 m) for the waveguide definition. In a first attempt, we
targeted to have the corrugation in the full width of the waveguide, targeting the structure
of Fig.3.2.1. Considering the alignment between the two steps during fabrication, the width
of corrugations is designed much wider than the nominal waveguide width to avoid the
misalignment as shown in Fig.3.2.6 (blue bar represents the waveguide, black bars represent

the grating corrugations).

Fig.3.2.6. Schematic top view of the optical mask of waveguide Bragg grating.

Considering the dimension of the grating corrugations, the use of the optical lithography
is challenging to properly define the small corrugations. Therefore, the fabrication process
is a combination of an electron-beam (ebeam) lithography to define grating corrugations
and optical lithography to define the waveguides. Fig.3.2.7 shows the fabrication flow of
the waveguide Bragg grating presented as a cross-section in the low-index region.
Fabrication process for the first level, grating corrugations, are shown in Fig.3.2.7(a-d), and
the process for the second level, waveguide definition, are shown in Fig.3.2.7(e-1). Same as
the process described in chapter 2, the wafer is firstly cleaned using acetone and isopropanol
in ultrasound cleaning machine. Then a layer of high resolution ebeam resist, ZEP520A, is
spin-coated on the sample surface with a speed of 3000 rpm followed by 3 mins annealing
at 180<C. In this condition, a layer of about 260 nm-thick ZEP is deposited upon the sample
surface. The grating corrugations are defined by ebeam lithography. After the illumination,
the photoresist is developed using ZED-N50 and a solution of methyl isobutyl ketone and
isopropanol (MIBK/IPA =1:3). Once the development has been done, the gratings are
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etched using ICP etching, followed by a chemical wet etch with H,O> to smooth sidewall
roughness. Finally, the photoresist is removed by butanol. Once the first level of grating
corrugations is well fabricated, the second level, waveguides are fabricated using the same
technique as descripted in chapter 2 (see section 2.2). It is worth to note that the alignment
marks are used during the process of optical lithography to align corrugations and

waveguide. The used recipes for lithography and ICP etching have been developed by
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Fig.3.2.7. (a-d) 1% level, (e-i) 2" level. (a) sample surface cleaning; (b) deposition of photoresist and
the ebeam lithography; (c) development; (d) ICP etch for corrugation and clean of residual of
photoresist; (e)deposition of photoresist for optical lithography; (f) optical lithography; (g)
development; (h) ICP etch of waveguide; (i) clean of residual of photoresist.
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The SEM images of fabricated Si;xGex MIR waveguide Bragg grating sample are
shown in Fig.3.2.8. The micropillars on both sides of the grating area which can be observed
in Fig.3.2.8(a,b), is the fact that the etched corrugations modify the initial conditions for the
second level, i.e. for the waveguide definition. It results in a non-homogenous deposition of
the photoresist, which would result in a non-homogeneous illumination during the
lithography. Moreover the used photoresist for optical lithography, UVIII is very sensitive
to illumination dose. The non-homogeneous layer of photoresist causes then overdose at the
waveguide edge in the straight waveguide area and grating area. After the development, it
brings a trapezoid-like layer of photoresist as shown in Fig.3.2.8(d) which at the end causes
an over-etch effect of the waveguide. Closer to the grating area, the more tremendous over-
etch effect is observed (it means a bigger value of o in Fig.3.2.8(d)). Consequently,
waveguides with narrower width and tangible sidewall roughness are obtained as shown in
Fig.3.2.8(c). Therefore, high propagation loss can be predicted.

In order to resolve this fabrication issue for the second level, we have to obtain
homogeneous layers of photoresist. To do so, the design of the corrugation has been

modified, to use narrower corrugations inside the waveguide as shown in Fig.3.2.9(right).

In this case, micropillars on both sides of the grating area would disappear, and at the
meantime, pre-etched corrugations would not affect anymore the waveguide sidewall
roughness. However, this approach requires a more precise alignment between the two
levels to make the grating corrugations at the center of waveguide. Therefore manual
alignment is very challenging. E-beam lithography is then used for both the corrugation and
waveguide definitions, with automatic alignment between them. An alignment precision of

less than 100 nm is then achieved with the developed new process.
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Fig.3.2.8. SEM images of waveguide Bragg grating (a) & (b) at grating area; (c) at straight waveguide
area; (d) Schematic view of the cross-section of low-index region for second level.
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Fig.3.2.9. Schematic top view of the optical mask of waveguide Bragg grating, (left) first design, (right)
optimized design.
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Fig.3.2.10. Fabrication flow for the second level presenting the schematic waveguide cross-section. (a)
sample clean after corrugation etch; (b) deposition of double layers of ZEP; (c) ebeam lithography; (d)
development; (e) ICP etch; (f) clean the residual of resist.

We started then the same process as described in Fig.3.2.7(a-d) for the first level. Then
the new fabrication flow for the second level is shown in Fig.3.2.10: two layers of ZEP520A
are spin coated on the surface of the sample, with a spin speed of 1500 rpm. 1 min annealing
at 180<C is applied after the deposition of first layer, then 3 mins annealing at 180<C is done
after the deposition of second layer. A total thickness of about 1.2 jum is obtained in order
to etch 4 pm deep for the waveguide. Then the waveguide patterns are defined using the
ebeam lithography with the optimized auto-alignment process. After the illumination, the
photoresist is developed using ZED-N50 and a solution of methyl isobutyl ketone and
isopropanol (MIBK/IPA = 1:3). Once the development has been done, the waveguide is
etched using the ICP process described above.

SEM images of waveguide Bragg grating fabricated using the new design are shown in
Fig.3.2.11. As it can be observed, the grating corrugations and waveguide are properly
aligned, and the waveguide sidewall is well defined. The typical dimension of the sidewall
roughness is in the order of magnitude of around 100 nm which is totally negligible in the

MIR wavelength range.
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Fig.3.2.11. SEM images of waveguide Bragg grating fabricated using the optimized design and
fabrication process.

3.2.3. Characterization and results

The waveguide Bragg grating sample is characterized using the free-space MIR set-up
as described in section 2.3.1. Measured transmission spectrums of Sii.xGex waveguide
Bragg gratings normalized by the straight waveguide transmission are shown in Fig.3.2.12.
As it can be observed, the experimental results are in good agreement with EME simulation.
The measured central wavelengths (with the simulated values in the parentheses) of each
waveguide Bragg grating are 5.43 pm (5.417 pm), 6.405 pm (6.368 pm), 7.32 um
(7.317 pm), 7.952 pm (7.935 pm), and 8.345 pm (8.33 pm), respectively. The slight
difference in central wavelength is due to the different corrugation width between simulation

(Weorr = Wwa) and experiment (W, =0.7xW, ). It results in an increase of the index of

Bloch-Floquet mode in the fabricated sample compared to simulation, which leads to a red-
shift of the rejection band of the waveguide Bragg grating. The low power rejection at large
wavelengths may be contributed to higher losses. Moreover, the measured FWHM (-3-dB
bandwidth) of each Bragg grating (with the simulated values in the parentheses) are equal
to 59 nm (30 nm), 79 nm (40 nm), 71 nm (44 nm), 20 nm (41 nm), and 20 nm (44 nm),

respectively.
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Fig.3.2.12. Simulated (blue curves) and measured (orange curves) transmittance spectrum of the Siy-
xGex waveguide Bragg grating with number of period N = 250, and a period of 0.74, 0.88, 1.02, 1.10,
1.16 pm, resulting in an operation at 5.4, 6.4, 7.3, 7.95 and 8.35 m, respectively.

Fig.3.2.13(a) presents the measured transmittance for various total grating lengths, i,e.
different number of grating periods N, while maintaining a constant grating period of
0.88 m, providing rejection centered at A = 6.4 . It can be observed that the minimum
transmittance decreases as the number of period increases, which corresponds to an increase
of the Bragg grating rejection. A maximum power rejection of 21.6 dB is measured for a
waveguide Bragg grating with N =280. The simulated minimum transmittance at Bragg
wavelength as a function of the number of period N comparing with experiments is shown
in Fig.3.2.13(b), a good agreement is obtained. The increasing error between simulation and
experiment may be contributed to an accumulation of the error on the rejection power for

each grating period.
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Fig.3.2.13. (a) Measured transmittance of waveguide Bragg grating for various number of period
N = 210, 250, 280; (b) Minimum transmittance at the Bragg wavelength as a function of number of
period N.

3.3. Conclusion

In this chapter, two kinds of periodic structures working at long-wave infrared
wavelengths have been discussed. In the first part, periodic waveguide operating in radiation
regime as a grating coupler has been studied. 2D simulation method combining the FDTD
simulations and analytical calculation by Matlab script are introduced for the design of
broadband mid-infrared grating coupler based on the graded-index Si1-xGex waveguide. A
coupling efficiency of about -12 dB (-9.6 dB) has been obtained for TE (TM) polarization,
with a -1-dB bandwidth of more than 300 nm in both polarizations. Moreover, the
performance of such grating coupler can be further improved by apodizing the geometry of
the gratings. Departing from the simulation results, the next step would be to experimentally
confirm the performance of the grating couplers in the MIR wavelength range. This would
require a re-adaptation of our MIR experimental set-up from free-space configuration to
fiber system.

In the second part, waveguide Bragg gratings have been studied. The simulation
methods using coupled mode theory (CMT) and eigenmode expansion (EME) have been
discussed. Then, fabrication process and designs have been optimized simultaneously to

properly fabricate waveguide the waveguide Bragg gratings. Finally, simulation results have
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been confirmed by experimental measurements. MIR Bragg gratings are indeed
experimentally demonstrated at different wavelengths in a very large wavelength range from
about 5.4 to 8.4 m, benefiting from the advantage of broadband Si1-xGex waveguide. This
result paves the way for the demonstration of integrated MIR resonant structures, like Fabry-
Perot cavity using the Bragg gratings as mirrors. It can be a key component, in terms of
enhancement of sensing capability, for the demonstration of high-performance integrated

MIR optical sensor. The integrated MIR resonators are then presented in the next chapter.
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4. Mid-IR integrated resonators

Following the demonstration of low-loss broadband graded-index Sii1-xGex waveguides
and their sensing capability in the mid-infrared wavelength range, the possibility to integrate
resonators has been investigated. Resonators are building blocks that can be used in different
applications including: i) wavelength filtering, ii) to increase the performance of sensing
structures or iii) to enhance non-linear Kerr effect for frequency comb generation. Since the
waveguide Bragg grating has been successfully implemented in a wide wavelength range,
the distributed Bragg reflector cavities are then demonstrated by integrating two identical
Bragg gratings as reflecting mirrors, with a straight waveguide in between as a cavity.
Another approach, racetrack resonators are also implemented based on this graded-index
Si1xGex waveguides in the long-wave infrared wavelength range. In this chapter, the
demonstration of these two resonant structures in a point of view of design, fabrication and
experimental results are discussed. The design and demonstrations are done at 8 m
wavelength. This wavelength has been chosen as it is localized in the molecular fingerprint
region which is interesting for bio-chemical sensing and is not easily accessible with Si-
based photonics, while it has been demonstrated that the SiGe platform can provide low

propagation losses at this wavelength.

4.1. Fabry-Perot Cavities

From the demonstration of waveguide Bragg grating presented in the previous chapter,
it is possible to implement the distributed Bragg reflector cavity, which can be considered
analogous to a Fabry-Perot cavity, by integrating two identical Bragg gratings as reflecting
mirrors. Fig. 4.1.1 shows a 3D schematic view of the Fabry-Perot cavity using the Si1-xGex
waveguide Bragg grating. As a main difference with conventional Fabry-Perot cavity using
dielectric coatings which strongly reflect the light within a few periods of the alternating
layers, Bragg gratings reflect the light over a much larger number of grating period.
Consequently, light is reflected in a distributed manner along the propagation direction in

the Bragg gratings. The key advantage of distributed Bragg grating cavity is that, in the
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opposite of ring or racetrack resonators where the maximal Free Spectral Range (FSR) is
dictated by the minimal ring radius, there is no restriction on the minimal cavity length of a
distributed Bragg grating cavity, excepted the one related to the penetration depth in the
Bragg mirror. Thus large FSR (> 30 nm at 8 pm in the case of SiixGex waveguides) is
achievable. Furthermore, thanks to the narrow reflection bandwidth of the distributed Bragg

mirror, single longitudinal mode cavity is achievable.

Fig.4.1.1. 3D schematic view of Fabry-Perot cavity using Sii-xGex waveguide Bragg grating with
top corrugations.

4.1.1. Analytical model and Simulations

The distributed Bragg reflector cavity obeys in general the same principle as
conventional Fabry-Perot cavity. Considering two identical mirrors for in/output as shown
in Fig.4.1.2, assuming no loss in the mirror, the light transmission spectrum can be
calculated using the following function [124]:

T= Toe (14)

4h . , 2«
1+ Aty sm2(7 Ny L)

with
_ (1-R,)’ exp(-al,)
"™ (1-R,exp(-al,))’
h=R, exp(-al,) (16)
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where R/ is the mirror reflection in intensity, o is the loss per unit length in the cavity

(m™), L, isthe cavity length.
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Incident wave Transmission
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< »
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Fig.4.1.2. Schematic view of a simplest configuration Fabry-Perot cavity.

The Eq. (14) indicates the periodicity of the transmission of cavity as a function of
wavelength for the resonance where the maximum transmission Tmax IS obtained. The
wavelength spacing, called the free spectral range between the respective cavity resonances
can be given by:

/12
FSR = Al = ﬂ (17)

Moreover, considering a central wavelength of a cavity resonance Lo, the spectral

width, full width at half maximum (FWHM) of the resonance peak is given by:

2
5A=£arcsin —(l—Rge Lc)

18
znL 4R, gk (18)

Then, the quality factor (Q-factor) which describes the resonance behavior of the cavity
can be calculated by Eq. (19). It indicates that a high Q resonance would have sharp

resonance peaks with small spectral width.

Ak el [ERET)]
Q—&— % [arcsm[ 4Rge’“Lc B (19)

In the case of distributed Bragg reflector cavity, as the reflection is distributed over a

large number of grating periods (partial reflection for each period), the virtual cavity length
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is now given by the sum of the distance between the two Bragg mirrors and the penetration

depth into each of the two Bragg mirrors.
LE = Lcavity + 2|—pen (20)
For a uniform Bragg grating of length L, the penetration depth can be given by:
_ tanh(xL,)
pen 2x

where x is the coupling coefficient of the Bragg grating which is discussed in the previous

(21)

chapter section 3.2. From Eq. (13,17,20), the condition where the cavity supports only one
single resonant mode inside the stopband of the two identical waveguide Bragg gratings can

be estimated by:

7 —2tanh(xL,)
< I-|im = 2 ?

Thus, based on the graded-index Si1-xGex waveguide Bragg grating, a maximum cavity

L

cavity

(22)

length for which the cavity keeps single mode operation is calculated as Liim ~ 190 jum at a
wavelength of 8 pm. Following the theory and utilizing the analytical equations presented
above, a Matlab script has been coded to simulate the performance of Fabry-Perot cavity.

A cavity length L, =70pm is chosen mainly to localize the resonant peak at the

center of the stopband of waveguide Bragg grating. To simulate the cavity performance, a
lossless waveguide is considered (owaveguide = 0). A Matlab simulation result is shown in
Fig.4.1.3(a) for a cavity based on 5-pm-width waveguide with two identical Bragg gratings
whose grating periods are A = 1.1, 1.16 pm. The coupling coefficient is extracted by means
of reproducing the EME simulated spectrum of Bragg gratings. Moreover, another
simulation method using only EME solver has also been applied to verify the results
obtained by Matlab script. In this case the full cavity is simulated. Fig.4.1.3(b) presents the
EME simulated transmission spectrum of the Fabry-Perot cavities with the same parameters.

A quite good agreement is obtained using the two different methods.
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Fig.4.1.3. Simulated transmission spectrum of Fabry-Perot cavity (a) by Matlab script; (b) by EME
solver for a cavity with 5-pm-width waveguide, cavity length Lta\,ity =70 pm, Bragg grating period

A =1.1 pm (left), 1.16 pm (right), number of period N = 280.
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Fig.4.1.4. Evolution of Q-factor as a function of waveguide Bragg grating reflectivity (a) for different
propagation losses at a Bragg wavelength Ag = 8 |m; (b) for different cavity distance with a
propagation losses of 3 dB/cm.

Considering the measured performance of waveguide Bragg gratings as shown in
Fig.3.2.12, a Bragg grating rejection of between 7 and 20 dB is obtained. It corresponds in
linear scale to a rejection of between 80% and 99%. Fig.4.1.4(a) shows the estimated Q-
factor of Fabry-Perot cavity with a cavity length of 70 pm as a function of Bragg grating
reflectivity for different propagation losses (1, 2, 3 dB/cm), at a Bragg wavelength of
As =8 . As can be observed, at low value of Bragg reflectivity (< 95%), the waveguide

propagation losses have low impact on the Q-factor. The cavity Q-factor has a value in a
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magnitude of 10%, if the reflectivity of Bragg grating is higher than 98%. As calculated by
the Eqg. (22), the cavity maintains single resonance mode inside the Bragg stopband while
the cavity length is less than 190 pm. The Q-factor can be thus improved by simply
increasing the cavity length as shown in Fig.4.1.4(b). Q-factor could be higher than 10* if a
Bragg grating reflectivity higher than 96% is achieved for a cavity with Lcavity = 190 pm.

4.1.2. Fabrication

After the theoretical analysis and simulation, Fabry-Perot cavities based on the Si1-xGex
waveguide Bragg grating have been fabricated using the same process descripted in the
section 3.2.2. Cavities with different parameters set have been fabricated: waveguide widths
Wwe = 5 pm, two different grating periods A = 1.1, 1.16 pm for operation wavelength at
8 pm and 8.4 pm, number of period N =280, cavity length Lcgyi, = 70 pm. Fig.4.1.5
presents the SEM images of a representative fabricated cavity with A = 1.16 pm.

I

Fig.4.1.5. SEM images of fabricated Fabry-Perot cavity with L, =70pm, A=1.16pm,
DC =0.5, N = 280.
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4.1.3. Characterization

Fig.4.1.6 shows the measured transmittance spectrum of fabricated Fabry-Perot cavities
which are obtained by normalizing the measured raw transmission spectrum of cavity over
the transmission spectrum of a reference straight waveguide. The resonant peaks are
localized at a wavelength of 7.95 pm and 8.34 pm that are in good agreement with the
simulated results. The low rejection value comparing to simulation results of waveguide
Bragg grating could be attributed to the non-equal value of low-index (etched) and high-
index (non-etched) region in the gratings, which results in a duty cycle higher than 0.5 as
shown in Fig.4.1.5. It thus leads to a lower value of coupling coefficient of the Bragg grating.
Moreover, the maximum resonance transmission for both cavities (Tmax =-1.37 dB at
7.95 um and -1.25 dB at 8.34 jm) is caused by the waveguide propagation loss and the
Bragg grating loss.

’ Wavenumber (cm‘i) Wavenumber (cm_l)
@ 2615 12528 12006 11919 ® 1263 1260 1257 1254 1251
0l 7/ 1 0
22 | s -4
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Fig.4.1.6. (a) Measured transmittance spectrum of two Fabry-Perot cavities with different parameters
set: (left) A = 1.1 pm, (right) A =1.16 pm, N = 280, Lcgpie, = 70 pm. (b) Measured transmittance
spectrum of a cavity with A = 1.1 pm, N = 500, Lgpie, = 70 pm.

To evaluate the property of the resonance, a Lorentzian function is used to fit the
measured cavity resonance:

—y 4+l 20
' [4(x—x0)2 +02]

y (23)
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where ¢ indicates the spectral width of the Lorentzian fitted curve which gives the -3-dB
resonance bandwidth. Therefore, the measured FWHM of cavity resonance is equal to 5.3
and 6.5 nm for a cavity at 7.95 and 8.34 pum, respectively. Then, the loaded cavity Q-factor
can be calculated as 1514 and 1272, respectively.

Considering a waveguide propagation loss presented in Fig.2.3.3(c) for Platform B, of
3 dB/cm at 8 pm wavelength, starting from the measured Q-factor, the Bragg reflectivity
can be thus estimated according to Eq. (19). Bragg grating reflectivity values of around 88%
and 85% are obtained for the mirrors with 280 periods. The cavity Q-factor can be
improved by an increase of the cavity length at the expense of a smaller FSR or by increasing
the Bragg grating reflectivity. A Fabry-Perot cavity using longer Bragg grating, keeping the
same cavity length has been fabricated and characterized. In this case, the used Bragg
grating has a number of period N =500, the maximum cavity length for which the cavity
keeps single mode operation is then calculated as 127 pm because the penetration depth of
asingle Bragg mirror is also increased. Thus, the Fabry-Perot cavity using such 500-periods-
Bragg-gratings is maintaining single resonance mode operation. The measured
transmittance is shown in Fig.4.1.6(b). As can be observed, the -3-dB bandwidth at a
wavelength of 7.95 pm is reduced to 3.6 nm, which vyields a loaded Q-factor of 2200. It
corresponds to a Bragg reflectivity of about 92% which is lower than the rejection of the
Bragg grating reported in the previous chapter in Fig.3.2.13. Indeed a Bragg grating
reflectivity up to 99% is expected, which should correspond to a Q factor of 10* assuming
3 dB/cm losses in the cavity.

The lower experimental Q-factor could be attributed to one of the following reasons or
a combination of both: i) the limitation of the experimental set-up. The spectral width of the
external cavity pulsed QCL is not known precisely but it is specified to be below 1 cm™. At
8 m wavelength this correspond to a maximum pulse width of 6.5 nm. Interestingly this
value, compared to the measured 3.6 nm FWHM indicates that some limitation in the
measured Q-factor can come from the experimental set-up. Furthermore, the wavelength
scan for the transmission measurement has been performed in steps of 1 nm, attaining the
maximum resolution of the QCL. Further experiments using a continuous (DC) operating

mid-IR QCL with narrower spectral width, or using different technique based on cavity-ring
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down spectroscopy for example should be performed to estimate the ultimate performance
of the Bragg grating cavity ; ii) As a second reason, it is possible that the Bragg grating loss
limits the achievable reflectivity. Indeed the rejection measurement reported in chapter 3
does not allow to dissociate the mirror reflectivity to the mirror loss. To confirm the issue,
the mirror losses (grating loss) are estimated. Starting from the measured Q-factors and their
maximum resonance transmission Tmax, and assuming 3dB/cm propagation loss in the cavity,
we can estimate an upper limit for the mirror losses of the three reported cavities, equal to
1.2%, 1.8% and 2.6%. It is clear that the level of losses can be compatible with the
simulation reported in section 3.2.1. Indeed during the design of the Bragg mirror, a value
of losses below 5% was targeted which is obtained experimentally. To go further, this grating
loss can be further reduced with a careful design of Bragg grating by playing with the

etching depth of corrugations (ed) and the number of period (N).

4.1.4. Cavities with lateral corrugations

The Bragg gratings with top corrugations require two levels of fabrication process with
good alignment between both steps. As an objective to ease the fabrication process, Fabry-
Perot cavities using Bragg gratings with lateral corrugations have been designed and
fabricated. A 3D schematic view of such cavity is shown in Fig.4.1.7. In this approach, the
grating corrugations and waveguide can be defined simultaneously by only one lithography
and etching step. However, considering a 4 pm waveguide etching depth, and the dimension
of the corrugation (the period is about 1 pm), the typical aspect ratio of the corrugation

should be around 1:8, which is also challenging in terms of fabrication.
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Fig.4.1.7. 3D schematic view of Fabry-Perot cavity using Si1-«Gex waveguide Bragg grating with lateral
corrugations.
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Fig.4.1.8. Simulated reflectivity and grating loss as a function of corrugation width of Bragg grating
with lateral corrugations with N = 250.

In a point of view of device simulation, the cavity with lateral corrugations has been
designed using the same method as discussed in the previous sections. Fig.4.1.8 shows the
simulated Bragg reflectivity and grating loss as a function of the corrugation width at each
side of the waveguide. It is worth to note that the simulation is done for a 5-pm-wide
waveguide at a wavelength of 7.5 pm. Thus the maximum value of Weorr Of 1 pm

corresponds to a waveguide width of 3 m at low-index region in the gratings. As it can be
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observed in Fig 4.1.8, simulating a waveguide Bragg grating with 250 periods, the grating
loss is always below 5%, and the Bragg reflectivity is obtained for the larger value of the

corrugation used in the simulation, i.e. 1 pm, a value of R = 98% is obtained.
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Fig.4.1.9. (a) Simulated Bragg reflectivity as a function of number of period; (a) Simulated Bragg
reflectivity as a function of wavelength with number of period N = 180; Both simulations are done with
a period A = 1 pm, waveguide width Wwg = 5 pm, corrugation width Weorr = 1 .

Fig.4.1.9 shows a representative simulation result of the Bragg grating with lateral
corrugations of 1 pm on both sides of the waveguide. The simulation is done in TE
polarization in this approach since the TE mode has higher field overlap with lateral sides
of the waveguides than the TM mode. As presented in Fig.4.1.9(a), with a number of period
larger than 180, the Bragg reflectivity is higher than 90%. The reflectivity spectrum is
plotted in Fig 4.1.9 (b), where a 64 nm stopband is observed.

In order to compare with the top corrugation approach, different cavities with lateral
corrugated-Bragg grating have been fabricated, using the same parameter set: grating period
A 0f 0.8,1.02, 1.16 m are used, the number of period are N = 280 and 500, and the cavity
length Ligyit, is fixed to 70 pm.

The Fabry-Perot cavities using Bragg grating with lateral corrugations have been
fabricated with an optimized e-beam lithography parameters set. Representative SEM

images of fabricated cavity are shown in Fig.4.1.10. It can be observed that the corrugations
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and waveguide are well defined. Moreover the dimensions of obtained structure are very

close to the targeted dimensions.
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Fig.4.1.10. SEM images of fabricated Fabry-Perot cavity using Bragg grating with lateral corrugations,
with a waveguide width Wwe = 5 pm, corrugation width Weerr = 1 jum, period A = 1.16 pm.

However, the measured transmission spectrum of all fabricated devices does not show
any evident resonance. It is still not clear why the devices are not working properly, and it

needs further investigations.

4.2. Racetrack Resonators

Besides the Fabry-Perot cavity using waveguide Bragg gratings, racetrack resonators
have also been demonstrated based on the graded-index Sii.xGex waveguide. Racetrack
resonators are a variant of ring resonators which are widely used in silicon photonics in the
near-IR wavelength range, for many applications including modulation, frequency comb
generation, spectroscopy and sensing to name a few [22,125-128]. Ring/racetrack
resonators have been recently extended in the mid-IR wavelength range, and state of the art
IS summarized in Table 4,

Concerning the mid-IR sensing applications, using resonators it is possible to take
benefit from the attenuation of the maximum transmittance and/or the change of Q-factor
of the resonance due to the optical absorption by the analyte to detect its presence and

quantify its concentration.
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The realization of high-Q MIR ring/racetrack resonators is challenging mainly due to:
1) the minimum ring radius which is related to the operating wavelength and index contrast
of the waveguide, ii) the fabrication of the directional coupler to couple light in the resonator.
In this section, instead of ring resonator, the racetrack approach is chosen because of the
low coupling coefficient at the coupling region for the classical ring resonator approach.
Thus, racetrack resonators operating in long-wave infrared at 8 pm wavelength have been

demonstrated based on the graded-index Si;-xGex waveguide.

Ref. Year A(um) ER(dB) Q-factor Remarks

[129] 2010 55 3x10®  Silicon-on-sapphire

[45] 2013 4.4 15x10° Silicon-on-sapphire; high Q-factor
[40] 2013 5.2 12 10° Chalcogenide, high Q-factor

[130] 2014 5.2 10 3.7x10* CaF substrate

[53] 2018 5 20 2%x10* Ge-on-SOI

[55] 2018 2 22 5.7x10* Suspended Ge

[131] 2019 8 10 32x10° Graded-index Sii-xGex (this work)

Table 4. Overview of demonstration of MIR on-chip micro-resonators, ER: extinction ratio.

4.2.1. Analytical model and Simulations

Atypical ring resonator is composed of a bus waveguide and a ring-shaped closed loop.
Fig.4.2.1 shows the schematic view of typical ring resonators with one or two bus

waveguides.
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Fig.4.2.1. Schematics of waveguide coupled microring resonators (a) Notch filter (b) add-drop filter
Ref. [132].

The resonance is given by the phased matching condition as:

KA =Ny L (24)
where L. is the round-trip cavity length, A is the k'™ order resonance wavelength with an
integer number k. Considering the material dispersion, the spacing between two adjacent
orders of resonance can be given by:

FSR= nﬂi (25)

g

One important concept of the micro resonators is the coupling regime which depends on the

balance between the bus waveguide coupling and the intrinsic cavity loss. Using the transfer
matrix modeling, according to this balance, three regimes can be obtained: i) under coupling
regime (t > a) where the highest Q-factor can be obtained, ii) critical coupling regime (t = a)
where the largest extinction ratio (ER) can be obtained, and iii) over coupling regime (t < a)
where both the ER and Q-factor decrease, with the waveguide field transmission coefficient

t, field coupling coefficient « and amplitude round-trip loss coefficient a=exp(-al,/2)
as shown in Fig.4.2.2. Because of the symmetry of the matrix, the sum of square of the field
coefficients is equal to 1 as |rc|2 +|t|2 =1. Details on the transfer matrix modeling can be

found in [132,133].
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Fig.4.2.2. Schematic of a waveguide-coupled ring resonator-based notch filter, Ref. [132].

The most used method for light coupling between bus waveguide and the cavity is based
on the evanescent field coupling. In a typical ring resonator light coupling occurs in a limited
area approximately at one single point as shown in Fig.4.2.2. To achieve critical coupling,
the gap between bus waveguide and the ring resonator must be close enough. As an example,
for a ring resonator operating at telecom wavelength using typical strip waveguide on a 220-
nm-SOl platform, the typical distance between bus waveguide and the ring is in the order
of 100 nm. However, in the case of Si1.xGex waveguide for LWIR operation, the waveguide
etching depth is of a few pm, and cannot be reduced at this is the condition to maintain a
tight light confinement and thus small bending radius. With such etching depth, it is very
challenging to achieve small gaps of around 100 nm. Therefore the distance between the
ring and bus has to be larger, which will decrease the coupling of light from the bus
waveguide to the ring resonator. In the following we thus considered a 1 pum gap as a
conservative feasible distance, and racetrack resonators have been developed on the Si1xGex
waveguide. As a main difference with ring resonators, the localized coupling area is
replaced by a directional coupler where the coupling length compensates for a wider gap
between the ring and bus waveguide. In the following, the waveguide etching depth is also
reduced to 3 m instead of 4 m to facilitate the coupling between bus waveguide and the
resonator. Simulated coupling coefficients for different coupling length and wavelength are
shown in Fig.4.2.3(a,b).

Considering previously reported 3 dB/cm waveguide propagation losses at 8 pm

wavelength, a coupling length L =200 pm, the critical coupling can be obtained for a
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resonator with 400 pm radius. Moreover, taking into account the the measurable FSR of the
experimental set-up, and the possible bending losses which needs to be systematically
measured, the resonators with radii of R =50, 100, 150, 200, 250 pm are fabricated for the

first study of MIR Si1.xGex racetrack resonators.
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Fig.4.2.3. Simulated coupling coefficient k? for coupled waveguides with 1-pm-gap (a) as a function
of coupling length with A = 8 m; (b) as a function of wavelength with L = 200 pm; (¢) Simulated
coupled mode at a wavelength of 8 um for (left) even and (odd) quasi-TM mode.

4.2.2. Fabrication

The mid-infrared racetrack resonators have been fabricated using the same technique
descripted in section 3.2.2. The SEM images of the racetrack resonator with 100 jum radius

are shown in Fig.4.2.4.
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Fig.4.2.4. SEM images of racetrack resonator with 100 pm radius, 200-m-long coupler.

4.2.3. Characterization

The racetrack resonators have been measured using the quantum cascaded laser in
pulsed regime with a linewidth specified below 1 cm™ by a free-space configuration setup.
Fig.4.2.5(a) summarizes the measured transmission spectrum of racetrack resonators
operating in TM polarization with different bending radius R = 50, 100, 150, 200, 250 pm.
The shown spectra are obtained by normalization of the raw transmission spectrum over the
transmission of a straight waveguide. Resonances can be observed in a broadband of about
900 nm around 8 pm wavelength. The characteristic interferometric pattern of ring
resonators is observed, presenting periodic transmission dips that are sometimes partially
clipped due to the limited resolution of our setup. It can be noted that the resonator with the
lowest radius (R =50 jum) shows a poor performance. In this case the resonance patterns
show a multimode-like spectrum with an average drops of 4 dB. It can be attributed to a
partial hybridization of the modes which results in a non-negligible conversion of the

fundamental TM mode into TE polarization in agreement with the simulation (small Ante-
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™). The resonators with R = 100 pm show also an asymmetric resonances which is equally
attributed to a much weaker mode hybridization. Concerning the transmission response,
resonators with radius larger than 50 pm display an extinction ratio up to 10 dB. Fig.4.2.5(b)
shows a representative zoomed view of a single resonance corresponding to the resonator
with 250 pm radius. Lorentzian function, Eq. (21) has been applied to fit the measured
resonance, giving the FWHM of the resonance which is ultimately used to extract the loaded
quality factor. A maximum loaded Q-factor of Q =~ 3200 is obtained at a wavelength
A = 8.044 pm corresponding to a FWHM of 2.5 nm. Like the results obtained for Fabry-
Perot cavity discussed in the previous section, considering the linewidth of the used QCL
(< 1 cm), the measured resonance response shape and Q-factor are most probably limited
by the setup.

In order to verify the fundamental mode operation of the resonators with R > 50 pm,
the free spectral range of resonances has been measured comparing to theoretical modal

according to Eq. (23) with a cavity length given by L. =27R+2L,. Fig.4.2.6 presents the

measured FSR (colored dots) of resonances for resonators with different radius in unit of
cm? at different wavelengths, comparing with the calculated FSR (black lines) for a group
index ng = 3.8. As seen in the figure, larger FSR is measured for the resonators with smaller
radius. The good agreement between experimental results and the modeling provides an
evidence that the observed resonances correspond to a single mode operation of racetrack

resonators.
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Fig.4.2.5. (@) Measured transmission spectrum of racetrack resonators with R = 50, 100, 150, 200,
250 pm operating in TM polarization; (b) Zoomed view of single resonance corresponding to a
resonator with R = 250 pm, showing a Lorentzian fitting curve (red line).
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Fig.4.2.6. Measured FSR values as a function of wavelength for resonators with various bending radius
(colored dots), and the calculated FSR (black lines) according to Eqg. (23).

After the first experimental results of broadband MIR racetrack resonators, a second
sample has been fabricated, varying the gap distance in order to achieve the ultimate
performances of the resonators (narrow gap and deep-etching depth are targeted, in order to
reduce the total resonator length, to increase the resonator FSR). The SEM images of this
new sample are shown in Fig.4.2.7. A minimum gap distance of about 300 nm has been
successfully obtained, as shown in the SEM images in Fig 4.2.7(a). The etching depth of
the gap is reduced in the same time due to a locally lower etching speed . This second

racetrack resonators sample will be characterized soon.
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Fig.4.2.7 SEM images of fabricated racetrack resonator of a test sample with different gaps.

4.3. Conclusion

In this chapter, two types of integrated resonators, Fabry-Perot cavities and racetrack
resonators have been demonstrated in the mid-infrared wavelength range. Firstly, Fabry-
Perot cavities have been demonstrated by integrating two identical waveguide Bragg
gratings as reflecting mirrors. Cavities with both top-corrugated and lateral-corrugated
Bragg gratings have been successfully fabricated based on the SiixGex platform. The
resonance has been observed for top-corrugated cavities at different wavelength, with a
maximum Q-factor of 2200. Further study on the lateral-corrugated cavities needs to be
done.

Secondly, the racetrack resonators operating in the LWIR wavelength range has been
presented. Broadband operation over 900 nm at 8 m has been measured for resonators with
bending radius larger than 50 pm. A maximum Q-factor of 3600 is obtained at 8 m, with a
device FSR of 9 nm. A second sample has been fabricated, and its characterization will
allow us to systematically evaluate the influence of the gap distance and the coupling length

on the resonator performances.
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This first demonstration of MIR resonant structures on SiixGex opens the path for
further development of MIR integrated photonic circuits, such as light source using non-
linear effects, i.e. frequency comb generation. Moreover, as an example, applying the
plasma dispersion effect to introduce phase modulation, resonators can be implemented as
a building block for the modulation applications. Considering the atmospheric transparency
window in the MIR wavelength range, the demonstration of MIR modulators shows high
potential for the application of free-space telecommunication. Concerning the enhancement
of light-matter interaction, MIR resonant structures present also good impact on the

development of new generation multitarget molecular spectroscopic sensing systems.
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5. Integrated mid-infrared Fourier-Transform

Spectrometer

In terms of developing an on-chip 10 sensor to achieve real-time and in-situ sensing,
the integration of sensing circuits and on-chip spectrometer is particularly interesting. In the
silicon photonics society, it exists already many demonstrations of on-chip integrated
spectrometer based on the different approaches such as arrayed waveguide gratings
[58,59,134-136], echelle gratings [126,137,138] or Fourier-transform-based spectrometers
(FTS) [139,140]. In general, comparing to the AWG and echelle gratings, FTS or
specifically the spatial heterodyne Fourier-transform spectrometer (SHFTS) provides high-
resolution spectral retrieval, exploiting seamless phase and amplitude corrections to
substantially relax the fabrication tolerances. Moreover, with a multi-aperture configuration,
the SHFTS shows the beneficial of high-throughput. In this chapter, on-chip integrated
SHFTS is demonstrated based on the SiixGex platform, showing an unprecedented
broadband dual polarization operation for one single chip from 5 (2000 cm™) to 8.5 pm
(~1170 cm™). An experimental resolution of better than 15 cm™ is obtained for both
orthogonal polarizations. The on-chip FTS demonstration concerning theoretical modeling,

device design, fabrication and characterization will be presented.

5.1. Introduction of Fourier-Transform infrared
Spectroscopy

Since the first study of infrared spectra by Sir William Herschel in 1800 [141], the
infrared spectroscopy, more precisely the Fourier-Transform infrared (FTIR) spectroscopy
becomes nowadays one of the most versatile and widely useful analytical tool for the
application of molecular structure identification and many others. It is unique in its range of
applicability to samples of every phases (gas, liquid or solid) because molecular vibration-
rotation frequencies are little affected by inter-molecular interactions. In a simplest

configuration, as the schematic shown in Fig.5.1.1, a FTIR is in principle a combination of
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the Michelson interferometer and Fourier-transform (FT) mathematical analysis, where the
interferogram is generated by the optical path difference between two coherent beams by
scanning one of the two mirrors. Then, the signal at each wavelength can be recovered

through the Fourier Transformation of the measured interferogram.
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Fig.5.1.1. Schematic of Michelson interferometer

Among many infrared spectroscopy techniques, the major advantages of FTIR are:
i) Felgett multiplex advantage — it refers to the principle of simultaneously collecting
information in all wavelengths; ii) high energy-throughput over dispersion spectrometers
known as Jacquinot advantage [142]; iii) Conne advantage — it indicates the intrinsic
wavelength calibration of the FT spectrometer [143]. Thus, it is widely used for a large
number of applications, including food safety, remote sensing for pollution detection or
industry process control, medical diagnosis [144,145], astronomy or security and many
others.

However, for some applications the FTS suffers also several disadvantages. For
example, in the case of high-resolution FTS, it requires long scanning time to obtain large
sampling points for which the two mirrors in the interferometer must remain accurately
parallel for a long mirror travel. To do so, it requires an extremely precisely control of the
moving element. For the astronomic application, more precisely the satellite instrumentation,

the moving element in a non-gravity space is very challenging.
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To avoid using any moving element, a spatial heterodyne approach has been proposed
and demonstrated [146]. The two mirrors in the interferometer are then replaced by tilted
diffraction gratings as schematically shown in Fig.5.1.2. In this approach, two wave-fronts
reflected from the two gratings, exit the interferometer with a wavenumber-dependent
crossing angle between them for each wavenumber in the wavefront. When the two wave-
fronts recombine at a photodetector, the interference fringes known as Fizeau fringes are
created, which represent the FT of the spectrum of the light source. The heterodyne
wavenumber is known as the Littrow wavenumber, where two wave-fronts are parallel with
zero spatial frequency in which the output transmission produces a constant interference
fringe pattern. The interference for various optical path differences is thus obtained
simultaneously and the interferogram is recorded without any moving element. Thus, in
addition to the advantage of conventional FTS, the spatial heterodyne Fourier-Transform

spectroscopy (SHFTS) benefits also from inherent mechanical stability.
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Fig.5.1.2. Schematic of spatial heterodyne spectrometer, readapted from [147].
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5.2. Integrated broadband Sii.xGex Fourier Transform

Spectrometer

Although, the SHFTS shows good performance comparing to conventional FTS, the
large size and weight of the device limit its application on, for example the space
instrumentation. In this context, an on-chip integrated spectrometer using silicon photonics
present definitive advantages, as it provides much smaller device size, light weight and low
power consumption (Fig.5.1.3).

Fig.5.1.3. Comparison of conventional bulky Fourier-Transform spectroscopic system and on-chip
integrated system.

In terms of on-chip integration, the interference fringe patterns can be generated using
the asymmetric Mach-Zehnder interferometers (MZI) where the phase difference is
introduced by the optical path difference between two arms. Up to now, there are already
many demonstration of integrated FTS based on the SOI platform, benefiting the mature
fabrication technology compatible with near-infrared and short-wave infrared (SWIR)
spectral range. Therefore, state-of-the-art integrated FTS have shown operation mainly in
the telecom wavelength at 1.55 pm and SWIR region below 4 pm wavelength. Fig.5.1.4
presents the recent demonstrations of on-chip integrated FTS. A.V.\elasco et al.
demonstrated FTS using MZIs with long spiral wavelength introducing large optical path
difference (OPD) to realize high resolution up to 42 pm at 1.55 jum [139]. D. M. Kita et al.
investigated digital FTS by utilizing reconfigurable MZI, and collaborating with machine
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learning regularization techniques to overcome the limitation of spectral channel count
[148].
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Fig.5.1.4. On-chip integrated Fourier-Transform Spectrometer (a) with 32 channels operating at
1.55 um; (b) digital approach; (c) with wavenumber-temperature-dependent interferogram; (d) with 42
channels operating at 3.75 pm.

As another approach, instead of generating different optical paths spatially by an
asymmetric MZI array, and benefiting from the thermal-optic property of silicon,
M. C.M.M. Souza et al. demonstrated FTS generating the different optical paths by thermo-
optic switching in a single MZI [149]. However, all mentioned on-chip FTS present
operation in the NIR at 1.55 pm. Interestingly, M. Nedeljkovic demonstrated a 42 channels
FTS operating at 3.75 jum wavelength [35], however there is not yet on-chip FTS operating
in the LWIR fingerprint region. Moreover, in the different reported works, operation is
limited to single polarization due to the polarization dependence of the MZIs. However it is
challenging to control the polarization of collected light from an environment for
applications like sensing in space satellites or unmanned aerial vehicles [150], thus dual-
polarization operation is highly desirable.
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During this PhD thesis, | develop the first LWIR FTS based on the Ge-rich SiixGex
platform [151]. The device design, fabrication and characterization of the Si:-xGex-based

FTS will be discussed in the next sections.

5.2.1. Modal analysis and design

The MIR Si1xGex integrated SHSFT spectrometer, is based on an array of MZI with
different phase delay as schematically shown in Fig.5.2.1. The FTS is composed of N MZIs
with a path delay linearly increasing from 0 (balanced MZI with ALy = 0) to a maximum
physical path delay of ALmax by an interval of AL. A multiaperture configuration is used as
it benefits the advantage of N times higher energy throughput compared to a single-aperture

configuration.

AL,

ALy

Fig.5.2.1. Schematic view of the on-chip spectrometer based on arrayed MZIs.

In principle, for a given monochromatic signal, the light is coupled into each individual
MZI. The different characteristics of each MZI with different optical path differences result
in different powers at the output of each MZI. Like the bulk SHFTS with diffraction gratings,
the MZI array can be designed for a particular Littrow wavenumber o.. At the Littrow
wavenumber, the OPD in different MZIs are integer multiple of 2x, thus yielding a constant
transmission output for all MZIs. Then wavenumber equally spaced above and below
Littrow wavenumber produce the same fringe pattern which results in a symmetry centered
at Littrow wavenumber. Thus, the arrayed MZIs provides unique fringe patterns within a
limited spectral range which can be denoted as the free spectral range (FSR) of the

spectrometer. Therefore, this spectral range can be calculated as half of the spectral spacing
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between two adjacent Littrow wavenumbers corresponding to two adjacent diffraction
orders in the case of bulk diffraction-grating-based SHFTS.

In a general configuration of Fourier Transform spectrometry, for the case of infinite
path delay, when a continues source is used, the relation between output interferogram I(x)
for a given wavenumber and the density spectrum of light source s can be given by the

cosine Fourier transform [143]:

1(x) = fj;o s(&) cos(2nax) da = f0+°° s(&) cos(2rnax) da
(24)
s(@) = fj;o 1(x) cos(2rmax) dx = 2 f0+001(x)cos(2n6x)dx

where x is the optical path delay of the interferometer and Eza—crL is the shifted

wavenumber.
In practical implementation of on-chip spectrometers, the spatial interferogram is
discretized at N equally spaced delay corresponding to each MZI as shown in Fig.5.2.1.

Thus the optical phase delay for i MZI can be calculated as:
X =N, (c)iAL (25)
where ng is the group index at each wavenumber and AL is the path difference between two

adjacent MZIs (AL, —AL, , =AL). Then, by analogy to the integral formula Eq. (24), the

input source spectrum can be calculated by the discrete cosine Fourier transform:
N _
s(x) =AL-S+2> 1(x)cos(2rox )AL (26)
i=1

where S is the input source power. For a uniform illumination of multiaperture input, the
input power is constant for all input waveguides S(xi) = S. In general, due to the different
coupling coefficient of each input waveguide, the illumination is non-uniform. The error on
power value of input source can be eliminated by normalization of the interference over the
measured signal of a reference straight waveguide. Alternatively, people also use the
complementary output powers to calculate the exact value of input power (instead of using
a 2x1 beamsplitter at the MZI output,a 2x2 beamsplitter is used to be able to measure
complimentary output powers at two output ports) [152]. To simplify the data processing,
the first method is chosen for the demonstration of MIR Si1xGex SHFTS.
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The essential properties of FTS dominating the design of integrated spectrometer is the
spectral resolution (dv) and the spectral range of the device (FSR). The spectral resolution
describes the ability of FTS to resolve two monochromatic input signals. The most popular
criterion of spectral resolution is the full width at half maximum (FWHM) of the
reconstructed monochromatic signal. The FSR denotes the device bandwidth in which the
FTS is able to resolve the input signal. For an on-chip FTS composed of N MZIs with the
optical path difference linearly increasing with equally intervals, the resolution and spectral
range are determined by the maximum and minimum phase delay, respectively [35].

1

ov =
ALy

(27)

ovN 1

FSR = =
2 2nAL

(28)

As can be seen from Eq. (26), an unknown input spectrum can be obtained by the
discrete cosine Fourier transform of the measured interferogram. However, in practice,
environment such as temperature would introduce phase errors to the measured
interferogram which affects the reliability of the Fourier transform. It yields thus a non-
correct input spectrum retrieval. In the conventional approach, additional active
compensation technique is applied to correct the phase errors. To ease the spectrum retrieval
process, different reconstruction algorithms have been proposed such as Moore-Penrose
method, basis pursuit denoising (BPDN), least absolute shrinkage and selection operator
(LASSO), and many others [148]. Among them, Moore-Penrose method which does not
require any hyperparameters determination is applied for the demonstration of our MIR
Fourier transform spectrometer. Based on a system of linear equations, within the device
FSR, the interferogram of arrayed MZIs can be descripted by:

I(x)=SxT (29)
where T is the transformation matrix which is determined by the device. Then, the input
source spectrum S can be obtained by the multiplication of the measured interference 1(xi)
and the pseudoinverse of the transformation matrix T™.

For the first demonstration of SiGe MIR Fourier transform spectrometer, an array of 20

MZIs is used (1 balanced + 19 unbalanced MZI), corresponding to a total footprint of
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1.5 cm2. Amaximum path-length difference of ALmax = 178.6 jum is used, given a theoretical
resolution of 13.8 cm™ and an FSR of 132 cm™. It is worth to note that this FSR and
resolution calculation is done at A = 7.5 m wavelength with a simulated group index of

ng = 4.04 based on the platform A (waveguide cross-section in Fig.2.1.1).

5.2.2. Fabrication

The MIR spectrometer is designed based on the waveguide of platform A which
consists of a 11-pm-thick graded buffer and a 2-pm-thick Sio2Geos constant layer. To
properly fabricate the multimode interferometer (MMI), the key component of the designed
FTS, ebeam lithography has been used to pattern the structures. Detail on fabrication process
can be found in the previous chapter in section 3.2.2 as the process for definition of
waveguide. Fig.5.2.2 presents a global view of the optical microscope image of the
fabricated FTS captured using digital VHX microscope with high resolution. The inset
shows a representative SEM image of the MMI. The bending radius is chosen as large as
1.2 mm to strictly avoid bending losses. It can be noted that with a systematically study of
the bending losses, the bending radius can be further decreased to reduce the total footprint
of the device. Moreover, like in the case of other devices discussed in the previous chapters,
a bent waveguide is used at the output of the chip to avoid the detection of scattering light

due to direct coupling at the waveguide input.
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Fig.5.2.2. Optical microscope image of the fabricated MIR Si:1.xGex Fourier transform spectrometer;
(inset) Scanning electron microscope (SEM) image of a multimode interferometer as the beamsppliter.
The fabricated sample is composed of 20 MZIs with optical path difference linearly increasing from 0

to 178.6 jum, and reference straight waveguides.

5.2.3. Characterization

The fabricated sample has been measured using the free-space configuration set-up
described in section 2.3.1. To validate the performance of the fabricated mid-infrared
SHFTS, transmission measurement has been done for each MZI at different wavelengths in
a range from 5 pm (2000 cm™) to 8.5 pm (~1176 cm™) to construct the transformation

matrix of the device. Data processing is performed to remove imperfections from the raw
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measurements, like the frequency dependence of the laser power and the atmospheric
absorption lines detected by the free-space measurement. From the raw measurement, the
data processing comprises mainly three steps as an example illustrated in Fig.5.2.3. The
black curve in Fig.5.2.3(a) is obtained by normalization of the measured raw spectrum over
the reference straight waveguide transmission. Then a subtraction of its mean value (red
curve) is applied to obtain the zero-baseline curve (blue curve in Fig.5.2.3(b)). Finally, the
quasi-ideal cosine-like interference is obtained by dividing the zero-baseline curve over its
envelop function. It is worth to note that the insertion loss of the MZI is measured to be less

than 1 dB for the full range of the characterization for both TE and TM polarizations.
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Fig.5.2.3. Example of an interferogram pattern from the MZI with ALy = 84.6 um for TE polarization.
The mean value [red curve in (a)] and the envelop wavefunction [green curve in (b)] are subtracted to
obtain the curve shown in (c).
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Fig.5.2.5. Experimentally retrieved spectra for a monochromatic input scanned between 1170 and
1950 cm™* for TE (a) and TM (c) polarizations; (b) and (d) report the FWHM of the retrieved signals in
TE and TM polarization, respectively [153].
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Applying this data treatment to all MZIs in both TE and TM polarizations, it is possible
to construct the final calibrated transformation matrix as shown in Fig.5.2.4 for both
orthogonal polarizations. It can be observed that the MZIs show operation in a very large
wavelength range over 800 cm™ (from 5.6 to 8.5 ). The spectral width is only limited by
the operational range of used QCL. This large operation of the device is due to the low
dispersion of the material [154] and of the waveguide in this wavelength range. As it can be
observed in Fig.2.1.3, the guided mode effective index variation is very low. Furthermore,
benefiting from the large operation range of the waveguide, with a proper designed MMI,
such large operational interferometer is achieved. It is worth to note that the device shows
large operation over 800 cm™, but the spectroscopic bandwidth which is defined by the
device FSR is less than this operation range.

Generally, the measured interferogram may be distorted by unintentional phase shifts,
caused by fabrication errors. This typically results in a misalignment of the output spectrum
of the MZIs. Interestingly, the reported interferogram of the SHFTS shows good alignment
without any additional phase error correction in the data processing. In the interferogram,
the Littrow wavenumber dedicated in red lines in Fig.5.2.4, where all MZIs reach maximum
transmittance can be clearly observed for wavenumbers of 1185, 1450 and 1715 cm™ in TE
polarization (with only a few cm™ difference in TM polarization). This is a clear evidence
of low phase distortion, proving the robustness of the Ge-rich Si1xGex FTS to fabrication
imperfections. Then, the device FSR can be calculated as it is the half of the spectral interval
between two Littrow wavenumbers. A value of 132.5 cm™ is obtained. It shows very good
agreement with the theoretical calculation by Eq. (28).

To confirm the performance of the fabricated SHFTS, the experiment of signal retrieval
has been done along the full operational wavelength range. Fig.5.2.5 presents
experimentally retrieved spectra for different input signals scanned inside the operating
wavelength range, and for both TE and TM polarizations. Note that at each input wavelength,
aretrieval spectral window narrower than FSR has been considered. A Gaussian apodization
function is applied in the spectral domain to reduce truncation ripples [143]. The spectral
resolution of the spectrometer, which is then measured as the full width at half maximum of

the retrieved signals, is equal to 12 cm™ and 14.5cm™ for TE and TM polarizations,
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respectively (Fig.5.2.5(b,d)). The retrieval experiment validates that our SHFTS can be
performed either in TE or TM polarization. Furthermore, considering the low birefringence
of the Si1.xGex MIR waveguide it can be potentially extended to polarization independent
operation which is highly desirable for applications such as satellite instrumentation and

unmanned aerial vehicles.

5.3. Conclusion

In this chapter, a spatial heterodyne Fourier Transform spectrometer working both in TE
and TM polarization based on the Ge-rich graded-index Sii.-xGex waveguide has been
presented. An unprecedented broadband operation over 800 cm™ range has been
demonstrated for a wavelength from 5 to 8.5 pm covering part of the molecular fingerprint
region. The reported spectrometer shows an experimentally spectral bandwidth of 132.5 cm’
1and a spectral resolution of less than 15 cm™ for both polarizations. Interestingly, low
phase errors have been demonstrated, indicating a good robustness of the device design and
fabrication against fluctuations of the waveguide effective index and optical path. It is also
possible to further increase the spectral resolution by applying compressive-sensing
technique [155] or the combination with digital FTS approach [148]. In another hand, the
device spectral bandwidth can be enlarged by either integrating more MZIs at the expense
of large footprint, or with a combination of temperature-introduced interference variation
[156].
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6. Conclusions and Future Directions

6.1.1. Conclusions

The work presented in this manuscript aims to study the optical property of graded-
index Si1-xGex waveguides in the MIR and to develop integrated devices with a perspective
of demonstrating monolithically integrated spectroscopic system for mid-infrared sensing
applications.

To achieve the objective, | studied different optical devices as building blocks for the
final monolithically integrated circuits. To do so, | did extensive hands-on design,
cleanroom fabrication and experimental investigations of several devices, such as MIR
broadband waveguides, grating couplers, Bragg grating filters, Bragg grating reflector
cavities, racetrack resonators and integrated Fourier-transform spectrometer. The graded-
index Si1-xGex materials were grown using the LEPECVD on a 100 mm Si (001) substrate
by our collaborator group at L-NESS laboratory, Politecnico di Milano, Italy. The device
fabrication was developed and performed at the in-house 1000 m? cleanroom at C2N site
Orsay, UniversitéParis-Sud. The fabrication flow is descripted in the section 2.2. Then as
introduced in the section 3.2.2, by collaborating with the cleanroom engineer Xavier Le
roux, | optimized the fabrication process which allow us to fabricate properly more
complicate devices. For the devices characterization, a new free-space configuration
experimental set-up, which is developed by the post-doctor Joan Manel Ramirez, is
presented in the section 2.3.1.

In the first part of this thesis, the optical property of graded-index Si1.xGex waveguides
have been evaluated in a broadband MIR wavelength range. The propagation losses have
been studied for waveguides based on three platforms with different index profiles obtained
by varying the Ge concentration during material growth. Waveguide propagation loss of less
than 3 dB/cm has been obtained for the whole tested wavelength range from 5.5 pm to
8.5 um for the waveguide based on the platform A and B (as the index profile shown in
Fig.2.1.1). A propagation loss as high as 10 dB/cm was obtained for waveguides based on

the platform C in which the guided mode shows higher overlap factor with the bottom Si
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substrate. Then, the MIR sensing capability using evanescent field absorption has been
theoretically evaluated. A proof of concert experiment shows the feasibility of the graded-
index Si;xGex waveguides for MIR sensing applications as descripted in section 2.4.

Then, starting from the low-loss broadband MIR waveguides, | designed firstly grating
couplers at 7.5 pm for both TE and TM polarizations. As shown in the section 3.1, the
grating couplers show a very large operation bandwidth at the interested wavelength.
Thanks to the low material dispersion and the self-mode-adaptation effect of the Si;-xGex
waveguide, a -1-dB bandwidth as high as 300 nm is obtained for both polarizations. In a
meanwhile, the periodic waveguides operating as Bragg grating filter are implemented on
the Si1xGex waveguides as shown in the section 3.2. Based on the 6-pm-thick platform,
benefiting from the low-loss broadband waveguide, the Bragg gratings have been
successfully demonstrated on the Si1xGex waveguides in a wide wavelength range from 5.4
to 8.4 pm. As the experimental results shown in section 3.2.3, the power rejection as high
as 21.6 dB is obtained at 6.4 jm.

Moreover, in the purpose of enhancing the light-matter interaction in the MIR
fingerprint region, MIR integrated resonant structures have been demonstrated at a
wavelength of 8 um. Two approaches have been studied, based on Fabry-Perot cavity using
waveguide Bragg grating as reflecting mirror and on racetrack resonators. A loaded quality-
factor as high as 2200 is measured for a cavity using waveguide Bragg grating with 500
grating periods on top corrugations. Then, in order to ease the device fabrication, the Fabry-
Perot cavities using lateral-corrugated waveguide Bragg grating have been successfully
fabricated. Although, the SEM images confirm the good quality of fabrication, however, the
preliminary results for this lateral-corrugated device show not evident resonance at the
interested wavelength. Later, the demonstration of racetrack resonators with a Q-factor as
high as 3200 is presented in section 4.2.

Finally, as one of the key components for the monolithically integrated spectroscopic system,
the on-chip integrated Fourier-transform spectrometer has been experimentally investigated
on the Si1.xGex platform, based on an array of asymmetric MZIs with different path delay
linearly increasing from 0 to a maximum 178.6 m. The FT spectrometer integrated on Sis-

xGex waveguide shows an unprecedented broadband dual-polarization operation in an
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800 cm™* range from 5 to 8.5 pm which is limited by the bandwidth of the used tunable laser.
Using the Moore-Penrose method, the input monochromatic signal has been reconstructed
in the operational range, noting that the retrieval window is always narrower than the device
FSR. The device FSR is measured as 132.5 cm™ with a spectral resolution of 12 cm™
(14.5 cmY) for TE (TM) polarization.

6.1.2. Future Directions

Regarding the future works, we can note that the QCL used in the experimental set-up
was recently extended up to 11 pm. New characterizations are planned to investigate
propagation loss and device properties in the new accessible wavelength range from 8.5 m
to 11 pm.

Secondly, as the free-space configuration measurement requires notorious realignment,
it is possible to update the set-up for surface light coupling using the grating couplers to
ease the device characterization. In the meanwhile, the performance of designed grating
couplers can be experimentally confirmed.

Then, as the linewidth of the used laser may limit the measurement of Q-factor of the
resonators as descripted in chapter 4, further experiments using a continuous (DC) operation
MIR source with narrower spectral width, or using different technique based on cavity-ring
down spectroscopy for example should be performed to estimate the ultimate performance
of the resonant structures. Although the sample of Fabry-Perot cavity using lateral-
corrugated Bragg gratings has been properly fabricated, the preliminary measurements
show not evident resonance at the interested wavelength. Further investigation of the Fabry-
Perot cavity using lateral-corrugated Bragg gratings needs to be done to understand the
structure and to confirm the performance of the cavity. Besides the Fabry-Perot cavity, the
characterization of 2" generation racetrack resonators allow us to study the influence of the
gap distance on the resonator performances.

Finally, a systematically study of the bending losses of the waveguide can contribute in
one hand to increase the FSR of the integrated MIR resonator. In another hand, with a
reduced bending radius, the footprint of the integrated FT spectrometer can be reduced, or

more MZIs can be integrated within a same device footprint providing a better spectral
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resolution. Regarding the properties of on-chip FTS, the technique of digital FTS can further
increase the spectral resolution in a limited device footprint [148]. Then, the device FSR
can be increased by combining the spatial interferogram with temperature introduced phase
change on the MZIs [156].

Furthermore, based on all the demonstrated devices, it is possible to integrate different
building blocks together. As an example a sensing element using a ring resonator can be
conceived, for example at 7.7 m for the detection of methane. With the variation of Q-
factor and the spectral transmittance of the resonator at this wavelength, the concentration
of methane in the environment can be detected. It should be interesting to experimentally
evaluate the detection limit of such integrated system.

In terms of integrated light source, benefiting from the high 3 order nonlinear coefficient
of material and the previously reported study on the anomalous dispersion of SiixGex
waveguides [157], supercontinuum based on SiixGex waveguides or frequency comb
generation based on the MIR resonators in the LWIR wavelength range covering the wide

fingerprint region have to be investigated in the near future.
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Ré&umé: La spectroscopie dans le moyen-
infrarouge est une méhode universelle pour
identifier les substances chimiques et
biologiques, car la plupart des moléeules ont
leurs ré&onances de vibration et de rotation dans
cette plage de longueurs d'onde. Les syst@mes
moyen infrarouge disponibles dans le commerce
reposent sur des é&juipements volumineux et
cotieux, tandis que de nombreux efforts sont
maintenant consacrés ala ré&luction de leur taille
et leur int&ration sur circuits int&gyrés.
L’utilisation de la technologie silicium pour la
rélisation de circuits photoniques dans le
moyen-infrarouge pré&ente de  nombreux
avantages: fabrication fiable, agrand volume, et
rélisation de circuits photoniques & hautes
performances, compacts, légers et a faible
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diffé&ents maté&iaux disponibles en photonique
silicium, les alliages silicium-germanium (SiGe)
aforte concentration en Ge sont particuliéement
inté&essants en raison de la grande fen&re de
transparence du Ge, pouvant atteindre 15 pm.
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concentration en Ge, pour la dénonstration de
circuits photoniques moyen infra rouge. Cette
nouvelle plate-forme devrait bénéficier d'une
large gamme de transparence en longueurs
d'onde de transparence et de la possibilité
d’ajuster les propriétés des guides optiques
(indice effectif, dispersion,...).

Au cours de cette thése, diffé&entes plates-formes
basées sur difféents profils graduels du guide
d’onde ont été étudiées. Tout d'abord, il a été
démontré qu’il était possible d’obtenir des guides
présentant de faibles pertes optiques infé&ieures
a3 dB/cm dans une large plage de longueurs
d'onde, de 5,5 &8,5 m. Une preuve de concept
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les briques de base classiques de la photonique
intégr& ont &€ éudié&. Les premiées cavités
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Fabry-Perot utilisant des miroirs de Bragg
intégrés dans les guides d’onde et des résonateurs
en anneau. Un spectromére atransformeée de
Fourier fonctionnant sur une large bande
spectrale, et pour les deux polarisations de la
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salle blanche et la caracté&isation exp&imentale.
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Abstract: Mid-infrared (mid-IR) spectroscopy
is a nearly universal way to identify chemical
and biological substances, as most of the
molecules have their vibrational and rotational
resonances in the mid-IR wavelength range.
Commercially available mid-IR systems are
based on bulky and expensive equipment, while
lots of efforts are now devoted to the reduction
of their size down to chip-scale dimensions. The
use of silicon photonics for the demonstration of
mid-IR photonic circuits will benefit from
reliable and high-volume fabrication to offer
high performance, low cost, compact,
lightweight and power consumption photonic
circuits, which is particularly interesting for
mid-IR spectroscopic sensing systems that need
to be portable and low cost. Among the different
materials available in silicon photonics,
Germanium (Ge) and Silicon-Germanium
(SiGe) alloys with a high Ge concentration are
particularly interesting because of the wide
transparency window of Ge up to 15 pm.

In this context, the objective of this thesis is to
investigate a new Ge-rich graded SiGe platform
for mid-IR photonic circuits. Such new
plateform was expected to benefit from a wide
transparency wavelength range and a high
versatility in terms of optical engineering
(effective index, dispersion, ...).

During this thesis, different waveguides
platforms based on different graded profiles
have been investigated. First it has been shown
that waveguides with low optical losses of less
than 3dB/cm can be obtained in a wide
wavelength range, from 5.5 to 8.5 pm. A proof
of concept of sensing based on the absorption of
the evanescent component of the optical mode
has then been demonstrated. Finally, elementary
building blocs have been investigated. The first
Bragg mirror-based Fabry Perot cavities and
racetrack resonators have been demonstrated
around 8 pm wavelength. A broadband dual-
polarization MIR integrated spatial heterodyne
Fourier-Transform spectrometer has also been
obtained. All these results rely on material and
device design, clean-room fabrication and
experimental characterization. This work was
done in the Framework of EU project INSPIRE
in collaboration with Pr. Giovanni Isella from
Politecnico Di Milano.
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